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Appl. No. 09/957,456 

Amdt. Dated February 26, 2004 

Reply to Office action of November 26, 2003 

REMARKS/ARGUMENTS 

By the present amendment, claim 1 has been amended and previous claims 4 and 5 
have been deleted rendering claims 1, 6-10 and 12-13 pending in the application. The 
amendments to the claims have been made without prejudice and without acquiescing 
to any of the Examiner's objections. Applicant reserves the right to pursue any of the 
deleted subject matter in a further continuation, continuation-in-part or divisional 
application. The amendment does not contain new matter and its entry is respectfully 
requested. 

The Official Action dated November 26, 2003 has been carefully considered. It is 
believed that the amended claims submitted herewith and the following comments 
represent a complete response to the Examiner's rejections and place the present 
application in condition for allowance. Reconsideration is respectfully requested. 

Finality of Office Action 

The Examiner has made this office action final which is improper as the Examiner has 
raised new grounds of rejection. In particular, the Examiner has now raised new 
objections under 35 USC §112, first paragraph under both written description and 
enablement Applicants' last amendment did not necessitate the new ground of 
rejection as in the last amendment the claims were amended in order to introduce 
additional features from the dependent claims. Therefore, we respectfully request that 
the finality of the office action be withdrawn as being premature. 

35 USC 151 12. First Paragraph 

The Examiner has objected to claims 1,4-10 and 12-13 under 35 USC §112, first 
paragraph as failing to comply with the written description requirement 

The Examiner acknowledges that the "specification as filed discloses a reporter gene 
construct comprising an enhancer element (Sox9 binding sequence upstream of the 
mouse Col II minimal promoter, -89 to +13) that is responsive to the transcription factor 
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Sox9 (spec, page 17, Example 1)". However, the Examiner alleges that "the 
specification as filed fails to disclose any other genetic construct that comprises any 
other nucleotide acid sequence that binds to any other endogenous protein in the cells". 
In order to expedite prosecution, claim 1 has been amended, without prejudice, in order 
to specify that the reporter gene comprises a sequence upstream of the promoter from 
the type II collagen gene which the Examiner admits meets the written description 
requirements. 

We disagree with the Examiner's statement that the "specification as filed fails to 
disclose what comprises the claimed pGL3(4X48) nucleic acid construct, and fails to 
identify any 48-bp fragment (Sox9 response element) that is responsive to transcription 
factor Sox9". The preparation of the reporter plasmids is clearly described in Example 1 
of the application as published on page 6, paragraph 0088. In particular, this section 
discloses that the Sox9 responsive reporter gene from the 4X48-p89 luciferase was 
subctoned into pGL3-basic. The 4X48-p89 luciferase is explicitly described in reference 
14 as mentioned on page 6, line 2 of paragraph 0088 of the application as published. 
We point out that all of the references, including reference 14, are incorporated by 
reference in their entirety as mentioned on page 8, paragraph 0108 of the published 
application. Reference 14 is a LeFebvre et al. publication and we enclose a copy for 
the Examiner's benefit although it was provided with the Information Disclosure 
Statement. Referring to Figure 1 of this article, the Examiner will note that the 4X48- 
luciferase construct is completely described. In particular, the nucleic acid sequence of 
the 48-bp fragment is provided both in Figures C and D. The inventors took this 4X48- 
p89 luciferase construct and sub-cloned it into pGL3- basic as described on page 6, 
lines 3-9 of paragraph 0088 of the published application. The pGL-3 basic is readily 
available from Promega. To generate the EGFP-based reporter, the luciferase gene 
within pGL3(4X48) was replaced with EGFP-N1 which is readily available from 
Clontech. Therefore, one of ordinary skill in the art would be readily able to construct 
the reporter constructs described in the present application, without undue 
experimentation. A deposit of the constructs is not required in the circumstances. 
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In view of the foregoing, we respectfully request that the objections to the claims under 
35 USC §112, first paragraph as lacking written description, be withdrawn. 

The Examiner has also objected to claims 1, 4, 9-10 and 12-13 under 35 USC §112, 
first paragraph as not providing reasonable "enablement for the method (as claimed) 
that requires the use of any response element which binds to any endogenous protein 
in mesenchymal cells in the process of chondrogenesis". 

The Examiner does agree that the specification is "enabling for method of identifying a 
modulator of chondrogenesis by transiently transfecting the primary limb mesenchymal 
cells with a nucleic acid construct comprising Sox9 response element (Col2a1) 
operatively linked to a reporter gene". Consequently, in order to expedite prosecution, 
the claims have been amended, without prejudice, in order to specify that the nucleic 
add construct comprises the Sox9 response element from the type II collagen gene. 

The Examiner also comments on page 7 of the office action that the specification as 
filed fails to disclose what comprises the claimed pGL3(4X48) nucleic acid construct, 
since it fails to disclose what are the structural and/or functional limitations of 
pGL3(4X48). As mentioned above under the written description objection, the present 
application does provide clear and sufficient guidance to enable one of skill in the art to 
prepare the claimed constructs. 

In view of the foregoing, we respectfully request that the objections to the claims under 
35 USC §1 12, first paragraph as lacking enablement, be withdrawn. 

35 USC 5103 

The Examiner has objected to claims 1, 4-8 and 12-13 under 35 USC §103 as being 
unpatentable over LeFebvre et al. (Matrix Biology 16:529-540, 1998) or LaFebvre et al. 
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(EMBO J. 17(19):5718-5733, 1998) in view of Healy et al. (Dev. Dyn. 215:68-78, 1999). 
We respectfully disagree with the Examiner for the reasons that follow. 

The LeFebvre references disclose that the transcription factor Sox9 is expressed during 
chondrogenesis and activates the chondrocyte specific Col2a1 enhancer. In LeFebvre's 
experiments, Sox9 is transfected in the cells. LeFebvre does not describe a screening 
assay wherein a test compound is added to cells transfected with a reporter construct 
containing Col2a1 and wherein endogenous Sox9 activity is assessed. Healey et al. 
describe the role of Sox9 in limb development. Healey et aL transfected Sox9 into 
developing chick limbs using retroviral transfection. Healey et al. does not describe a 
screening assay wherein a test compound is added to cells transfected with a reporter 
construct containing Col2a1 and wherein endogenous Sox9 activity is assessed. 

As the Examiner is aware, he has the initial burden of factually supporting any prima 
facie conclusion of obviousness. To establish a prima facie case of obviousness, three 
basic criteria must be met. First, the prior art references when combined must teach or 
suggest all the claim limitations. Second, there must be some suggestion or motivation, 
either in the references themselves or in the knowledge generally available to one of 
ordinary skill in the art, to modify the reference or to combine reference teachings. 
Finally, there must be a reasonable expectation of success. We respectfully submit that 
the above criteria have not been met as explained below. 

1) Prior art does not teach all claim limitations 

The method of the invention relates to a method of identifying a modulator of 
chondrogenesis. As required by claim 1, a test compound is added to the assay to 
determine its effect on chondrogenesis. None of the cited art relates to screening 
assays for identyfing modulators of chondrogenesis. Therefore, this limitation is not 
taught in the prior art. 
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The method of the invention uses transient transfection of primary limb 
mesenchymal cells in the screening method. None of the cited art describes 
screening assays for identifying modulators of chondrogenesis using primary limb 
mesenchymal cells. Therefore, this limitation is not taught in the prior art. 

The method of the invention measures expression of endogenous Sox9 The cited 
art involves transfecting the cells with Sox9. Therefore, this limitation is not taught in 
the prior art. 

2) Suggestion or motivation in the prior art 

None of the references cited by the Examiner suggest or provide motivation to develop 
a method for identifying a modulator of chondrogenesis as claimed in the present 
application. In fact, since the combination of the references does not teach all of the 
features of the claims even if the references were combined, the claimed invention 
would not be achieved. In addition, as discussed below, one of skill in the art would not 
be motivated to modify the prior art in order to achieve the present invention as there 
was no reasonable expectation of success at the time of the invention. 

3) No reasonable expectation of success 

As mentioned previously, the screening assay of the invention is built on several novel 
and unobvious features which were not taught in the prior art. These features include 1) 
the transient transfection method which involves transfection of the primary limb 
mesenchymal cells in suspension at the time of seeding; 2) the use of primary limb 
mesenchymal cells and transient transfection to assess the effect of heterologous gene 
expression on chondrogenesis; and 3) the use of a Sox-9 reporter to follow 
chondrogenesis in a cell autonomous manner. With respect to this final point no one 
had shown at the time of the invention that factors (other than SOX9) that stimulate 
chondrogenesis would stimulate a Sox9-responsive reporter gene in mesenchymal 
cells. This is an important consideration for the following reasons. 
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Primary limb mesenchymal cells have the potential to contribute to multiple mesoderm- 
derived lineages (i.e. bone, cartilage, fat, muscle, etc.) and within these cultures 
numerous cells types form in addition to chondrocytes. Chondrogenesis begins with the 
aggregation of prechondrogenic cells into precartilaginous aggregations, cells within 
these aggregates subsequently differentiate into chondroblasts which give rise to the 
cartilage nodules present in the culture. As indicated, in amongst these nodules other 
cell types are apparent, fibroblasts, adipoblasts and myoblasts, etc. In order to study 
the effect of various genes on chondrogenesis, retroviruses harboring the gene of 
interest would be used to infect these cultures. In this manner, most of the cells would 
be infected and expressing the gene of interest and the consequences of the 
expression of this gene could be assessed visually or by staining with alcian blue (a 
cartilage matrix stain). It was also assumed that to examine the effect of a gene- 
product on chondrogenesis it would be necessary to express the genes in most of the 
cells (using a retroviral-based approach) to insure that most of the cells within a 
condensation expressed the gene. With transient transaction, at best, only 1-5% of the 
cells express the gene of interest and for genes that act intracellular^ (i.e. transcription 
factors, signaling pathways, receptors) it was assumed no effect would be observed as 
insufficient prechondrogenic cells would be expressing the gene of interest To 
circumvent this problem, the inventors transfected the cells with a Sox9-responsive 
reporter gene and, in a specific embodiment, coupled the transfection with a gene of 
interest. In this manner, the inventors can follow what is happening to chondrogenesis 
in the small numbers of transfected cells that are scattered throughout the culture. It 
was surprising and unexpected to the inventors that this approach actually worked. It 
was initially assumed this strategy wouldn't work, because of the well-demonstrated 
need in previous studies to obtain a large percentage of expressing cells to obtain a 
measurable effect on chondrogenesis. In this regard, we enclose a copy of Hall and 
Miyake, BioEssays 22:138-147, 2000, with relevant sections boxed. Hall and Miyake 
affirm that chondroblast differentiation only occurs in condensations of a suitable size In 
culture. In this regard, we refer to page 144, lines 1-3 of paragraph 2 and page 143, 
lines 1-6 of paragraph 3. Furthermore, the transfection procedure of the invention 
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allows prechondrogenic cells (in the centre of the culture) to be transfected, whereas 
traditional transfection approaches led to transfection of only cells within the periphery 
of the culture. Thus, at the time of the invention, there was no reasonable expectation of 
success for the claimed screening assay based on what is known about the nature of 
the primary limb mesenchymal cells and the process of chondrogenesis. 

In addition to the above three criteria, the Examiner is also required to consider 
secondary considerations, such as unexpected results and long-felt need when 
assessing obviousness. In this regard, we submit that the method of the present 
invention does provide a simple and efficient screening assay in order to identify 
modulators of chondrogenesis. Traditionally, retroviral infection has been used to test 
the ability of various gene products to stimulate chondrogenesis in primary limb 
mesenchymal cells. This method is laborious, cumbersome and not conducive to high 
throughput as the generation of retroviral particles is a time-consuming process. In this 
regard, we point out that Healy et al. (which is cited by the Examiner) teach the use of 
retroviral infection of mesenchymal cells to examine the effect of Sox9 on 
chondrogenesis. This approach relies on retroviruses and does not teach the use of 
transient transfection coupled with a Sox9~responsive reporter gene to examine 
chondrogenesis. Retroviral infection and transient transfection rely on distinct 
approaches for heterologous gene expression. Furthermore, retroviruses are not 
typically combined with reporter genes. The use of transient transfection coupled with a 
reporter gene affords the use of co-transfection of expression plasmid(s) containing 
gene(s) of interest along with a reporter gene. The transient transfection method 
described in the application was not taught in the prior art and is a unique process 
developed by the applicants. This simple and efficient reporter-gene based assay 
provides a means in which to measure the consequences of gene expression on 
chondrogenesis. 

In view of the foregoing, we respectfully submit that the screening method as claimed in 
the present application is not obvious in view of any of the cited references, either alone 
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or in combination and we respectfully request that the objection to the claims under 35 
USC §103 be withdrawn. 

The Commissioner is hereby authorized to charge any fee (including any claim fee) 
which may be required to our Deposit Account No. 02-2095. 

In view of the foregoing comments and amendments, we respectfully submit that the 
application is in order for allowance and early indication of that effect is respectfully 
requested. Should the Examiner deem it beneficial to discuss the application in greater 
detail, he is kindly requested to contact the undersigned by telephone at (416) 957-1682 
at his convenience. 



Respectfully submitted, 



BERESKIN & PARR 




Micheline Gravelle 
Reg. No. 40,261 



Bereskin & Parr 

Box 401 , 40 King Street West 

Toronto, Ontario 



Canada M5H3Y2 
Tel: 416-957-1682 
Fax: 416-361-1398 



Attachments 
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An 18-Base-Pair Sequence in the Mouse Prood(II) Collagen 
Gene Is Sufficient for Expression in Cartilage and Binds 
Nuclear Proteins That Are Selectively Expressed 

in Chondrocytes 

VERONIQUE LEEEBVRE, GUANG ZHOU, KRISH MUKHOPADHYAY, CHAD R SMITH 
ZHAOPING ZHANG, HEIDI EBERSPAECHER, XIN ZHOU, SATlWsiN^ 
SANKAR N. MATTY, and BENOIT de CROMBRUGGHE* 
Department of Molecular Genetics, The University of Texas M. ZX Anderson Cancer Center, Houston, Texas 77030 
Received 19 March 19967Retumed for modification 29 April 1996/Aocepted 8 May 1996 

The molecular mechanisms by which mesenchymal cells differentiate into chondrocytes are still poorly 
understood. We have used the gene for a chondrocyte marker, the proal(IT) collagen gene (Col2aJ) t as a model 
to delineate a minimal sequence needed for chondrocyte expression and identity chondrocyt^specific proteins 
bmdmg to this sequence. We previously localized a cartilage^specific enhancer to 156 bp of the mouse Col2al 
intron 1. We show hew that four copies of a 48-bp subsegment strongly increased promoter activity in 
transiently transfected rat chondrosarcoma (RCS) cells and mouse primary chondrocytes but not In 10T1/2 
fibroblasts. They also directed cartilage specificity in transgenic mouse Embryos. These 48 bp include two lVbo 
Inverted repeats with only one mismatch- Tandem copies of an 18-bp element containing the 3' repeat sironrfy 
enhanced promoter activity in RCS cells and chondrocytes but not in fibroblasts. Transgenic mice harboring 
12 copies of this l$-mer expressed ludfcrase in ribs and vertebrae and in isolated chondrocytes but not in 
noncartilaglnoojt tissues except skin and brain* In gel retardation assays, an RCS cell-specific protein and 
another closely related protein expressed onty in RCS cells and primary chondrocytes bound to a 10-bp 
sequence within the IS-mer, Mutations in these 10 bp abolished activity of the multimemcd 18-bp enhancer 
and deletion of these 10 bp abolished enhancer activity of 465- and 231-bp intron 1 segments* This sequence 
contains a tow-affinity binding she for K)U domain proteins, and competition experiments with a high affinity 
POU domain binding site strongly suggested that the chondrocyte proteins belong to this femily. Together our 
results indicate that an IR-hp sequence in Cettal mtron 1 controls chondrocyte expression and suggcsi'that 
RCS cells and chondrocytes contain specific TOU domain proteins Involved to enhancer activity. 



Acquisition of the <±ondrocyte phenotypc by mesenchymal 
ceils is one of the major pathways of differentiation of these 
cells- Chondrocytes form several types of cartilages including 
the growth plate cartilages essential to skeletal formation .and 
cartilages that have supporting roles and persist throughout 
adult fife such as the articular cartilages and the cartilages of 
the nose, ear, and trachea. Chondrocyte differentiation pre- 
sumably involves first the commitment of undifferentiated mes- 
enchymal cells to ihc chondrocyte lineage (1). Cell condensa- 
tion and further maturation lead to a fully differentiated 
phenotype characterized by the synthesis of cartilage extracel- 
lular matrix proteins, including collagen types II, IX, and XI, 
the large proteoglycan aggrecan, the link protein, and the car- 
tilage olfeomeric protein (24), Recent molecular and biochem- 
ical studies with cell culture, gene inactivation experiment 
with mice, and the identification of genes responsible for 
mouse and human skeletal abnormalities have documented the 
importance of growth and differentiation factors, extracellular 
matrix proteins, signaling mediators, and transcription factors 
in skeletal development (5, 23). However, no specific transcrip- 
tion factors that control the differentiation of chondrocytes 
from mesenchymal cells and activate chondrocytc-specific 
genes have yet been identified. 

Type II collagen is the most abundant extracellular protein 
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made by chondrocytes. Its essential Structural role in cartilage^ 
is best illustrated by the severe skeletal anomalies shown by 
humans and mice carrying mutant proal(II) collagen chains 
(7,. 25). The type H collagen gene starts to be expressed fol- 
lowing mesenchymal cell condensation that precedes cartilage 
formation, and thus it represents an early marker of chondro- 
cyte differentiation. The type n collagen gene is also expressed 
transiently in some extruchondrogenic sites during embryonic 
devdopmeat, including the notochord, heart, epidermis, and 
discrete areas of the brain (2). However, expression at these 
Sites is low, and the role of type II collagen in these extraction- 
drocytie sites is not understood. The type II collagen genoj 
. should therefore be an excellent model for studies of chondro- ; 
cyte -specific transcriptional mechanisms. 

Previous DNA transection studies showed that 620 bp of 
the first intron of the rat Col2al gene enhanced promoter 
activity specifically in primary chick Chondrocytes (II). Later* 
studies of this enhancer pinpointed a 260-bp sequence that • 
enhanced promoter activity sixfold in chondrocytes (26). h> 
another study> two silencer elements were located in the rat 
CoUfil promoter and were proposed to inactivate the gene in 
nonchondrocytic cells (21). Experiments with transgenic mice 
indicated that the first intron of the rat Co 12a 1 gene was nec- 
essary to direct cartilage-specific activity of a 3-kb Col2al pro- 
moter (27). In another study, the DNA extending from 3 W> 
upstream of the start of transcription to exon 4 of the mouse 
Col2al gene conferred a pattern of lacZ expression in trans- 
genic mouse embryos that coincided with the chondrocyte 
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i expression of the endogenous gene during embryonic develop- 
meat, and deletion of intron 1 inhibited expression of the 

>; transgene (15). 

Our laboratory has recently started to reexamine the cis* 

% acting elements that direct expression of the mouse Col2al 

r gene in chondrocytes. In one approach wc generated and stud- 
" icd transgenic mice (28), and in another, parallel approach we 
performed transient expression experiments in rat chondrosar- 
coma (RCS) cells, mouse primary chondrocytes, and, as con- 
trols for nonchondrogenic cells, 10T1/2 fibroblasts and QCj* 
myoblasts (17). RCS cells are a stable and fully differentiated 
chondrocyte cell line that synthesizes type II 7 IX, and XI col- 
lageos as well as cartilage-spcciiic proteoglycans (17). Unlike 
other so-called chondrocyte cell lines, they contain no type I 
collagen RNA. They also contain no type X collagen RNA, 
suggesting that they were frozen in a stage of chondrocyte 
differentiation that precedes hypertrophy. Analysis of progres- 
sively shorter Coi2al inrron 1 segments revealed that two tan- 
dem copies of a 182-bp fragment were sufficient for cartilage 
expression in transgenic mice and that two tandem copies of a 
156-bp fragment, included in the 182 bp, were able to strongly 
increase promoter activity in RCS cells but not in 1 0T1/2 fi- 
broblasts. Further deletions suggested that the 3' and 5' parts 
of the 156- and 182-bp segment* might be necessary for chon- 
drocyte expression. We also determined that the Col2al pro- 
moter was dispensable for chondrocyte expression (17, 28). 
Indeed, strong promoter activation was still obtained in chon- 
drocytes in both transgenic mice and transient transections 
when a 182-bp enhancer or a 231-bp mtron fragment contain- 
ing the 182 bp was cloned upstream of a minimal heterologous 
promoter, either a p-globin promoter or the adenovirus major 
late promoter. 

In the present study, we aimed at delineating more precisely 
the cu-acting elements in Col2aj iutron 1 that are needed for 
chondrocyte expression and also asked whether chondrocyte- 
specific proteins were binding to these elements. We show that 
multiple copies of an 18-bp subsegmeot of the 156-bp enhancer 
can strongly enhance promoter activity selectively in rran- 
. siently transfected RCS cells and chondrocytes and are also 
sufficient to direct promoter activity in chondrocytes of trans- 
genic mice. Evidence that nuclear proteins present selectively 
in primary chondrocytes and RCS cells bind within this lS-mcr 
to a 10-bp sequence which is essential for enhancer activity and 
that these proteins likely belong to the POU domain protein 
family is presented, 

MATERIALS AND METHODS 

Gctl cultures. RCS cells were given by J. H. Kimura (Hear/ Ford Hospital, 
Defrost. Mich.), and ROS 17/2*8 cells were given W. T. Butler (The University of 
Tex&S Health Science Center, Houston). Rib chondrocyte were fluted from 
newborn mice « previously described (14). Other cell lines IPCfC IfOrft the 
American Typft Qilmn» Collection (RocVvfflf, Md.), Cells were cultured tmder 
standard conditions (17). 

Truncal inuufcefthnu*. DNA trarafcetkms were carried out as described 
! prcnaovsry (17). Ludfcrax reporter piumtds were cotrarafected with (he 
pSV2p$a] pjasmid med as >x» mtemsd control for trutttcctioa efficiency. Luoif- 
er&se and p-galactrKidasfi Activities were assayed a* dfetenbed elsewhere (17). 
Differences between several experiments la Uie values obtained lor a gfveo 
construction transfected in a given ceU type can be cajslamct! by may variations 
from one experiment to another. Lucifcrase activities were expressed as 2 X 10* 
lucjfenuc units per fcVgalactosidase unit Lorifcrasc values In extracts of RCS 
cells ifaas/ected witli the 89-bp Col2al promoter atone were never more than 
twice rhe blank: values wiih actrve enhancer elements were between 50- and 
20,000-fold higher depending on the eonstxverjons used. 

Cd2al-tudn*rase constructions. All final Colial cort$tmcrJoi» were cloned in 
the pLuc4 vector (18). For intermediate construction steps, Co&al in iron 1 
segments were Cloned in the p89CoI2alBs plasmid. This vector was obtaiucd by 
doflioa the 89-bp CelZvt promoter (-89 lo +$) containing blunt-ended /tod III 
sites si both ends (17) between the FcnW site and the blunUcndcd Xhol site of 
pBluescript II Ks <+■/-) (Stratsgcnc, La Jolla, Calit). Ligation of brunt-ended 



Hm&\l and Xhol sites reconstituted & Hi/tdLU site $' of (he promoter. Single or 
tandem copies of inrron 1 segments were cloned together with the 89-bp CotZal 
promoter upstream of the lvcifcrase gene in pLue4. 

Single copies ox duplicate tandem copies of Cot2al uitron 1 segments of I56> 
231. and 465 bp were obtained as previously described (17). Other uitron 1 
segments were synthesized as double-stranded oligonucleotides containing a 
ItamHt site at the 5' end and a BgQJ site followed by an EcoR\ site at the 3' end. 
These oligonucleotides were Cloned between the BamWX and £coRl sites of 
p890ol2alB$. Diracrs were obtained by cloning a second oligonucleotide mole- 
cule in the Bgfll and EcoRI sites. Tetramers were obtained by releasing the two 
oligonucleotide copies by Ba/riKl and £coRI digestion and inserting them in a * 
vector containing two copies and cut at the BgtJJ and EcoKl sites. Further " 
mullimerization was done as for tetramers, 

Plasmid p41Colla2 T origmalry called P ID9 (8}> contained a minimal CoOal 
promoter cloned between the ASplXZ and /toidJII sites of pA^LUG Twelve 
copies of the R2 segment of Qc&nl were introduced in this vector between the 
Spei and Bam HI sites. " 

A 10-Dp deletion within CoUaJ inrron ! fragments was obtained by PCR. All 
constructions made with oligonucleotides and products of PCR were verified by 
DNA sequencing. ^ 

Transgenic mice. Two DNA constroctlons were made by cloning a four-copy ~J : 
A element Or a 12-copy R2 element as a hJuDi-endcd BamHI-B^vl (raiment in -^ w . 
the blunt-ended Spcl site of p3D9Col2al (2$), This vector contained a 309-bp 
CoOal promoter and the SA-figeo-bpA cassette (o). For o third construction, the 
12-copy R2 clement was doned upstream of an 89-bp CoOal promoter in the 
pLuc4 vector. OKAS were released by restriction emymc digestion 5' of Col2al 
sequences and 3' of rbc poryaderr/lation signal located downstream of the re- 
porter genes. Transgenic mice harboring these ONAs were generated as dc- Z 
scribed elsewhere (^). 'IV.m^nic founder mice were sacrificed at day 14J> of 
embrynnic development or within S days after birth. Southern analysis, staining 
with X^Oal (5-bromo«4<tilCTC^-mdol^-^^alacsnr^ measurements, rff 

of lucif erase activity in H^ie nxtmcts. rmd histology sTudtes were performed asi.^1 
previously descrihed (18, ?8). ■ 

Nuckar extracts. Kuckar extracts from mouse chondrocyies were prepared a?J& 
described elsewhere (4), either direclly after isolation of the eelb rrom cartilage" : .* 
or aftei - up tn 3 d.-iy* in prtniMiy culture. One day before harvest of primary cells, 
ascorbic acid was added to culture media (17). Nuclear extracts from all other 
cell types were prepared as previously described (3) with 10 ng of Icupeptin and 
pepstatin pet ml io all buffers. 

Gel retardation nswys. llie wild-type and mutant R2 probes were made by 
annealing complementary oligonucleotides as described in ch$ legend to Fig. 5A. 
T he O CT probe wris made with oligonucleotides. (5 r -ggCCTGGGTAATTTGC 
ATTTCTAAAA-y and S ' -ggTllTAGAAATGCAA ATTACCCAGG -3 ') cor- 
responding to a (ragmen l of the immunoglot?ulin heavy-chain gena enhancer • 
which eonmxns an ocfrmer binding she for POU domain protein* (22), G resi- 
dues were added at the 5' Cods for labeling. - 

Protcin-ONA Wndmg reactions were carried out with 10 fnwl of a ^K un^^ 
labeled probe in a buffer containing 70 mM HEPES (//-2-hydro^cmylpJpcrai5E 
zine -^-2^eilianesulfoiib aciil) (pH 7.9), 50 mM KCl, 10% (vo^ol) glycerol, O^ST 
mM EDTA, Dl5 mM diihioihrcitoL 1 mM phenylmetriytfiulrbnyl fiuoridev G.ClS&>\.' 
(voWol) Nooldct P~40, 50 ng Of DOviite serum albumin (BSA), and 4 pmnl of rme . 
of the two single-Atranded R2 otigonucieolides. Assays with crude nuclear ex- "C 
tracts were performed with 10 to 15 pg of protein and 03 p£ of poly(dT- ff' 
dC) ' poly(dI-dC) pms> in some cases, CIS n£ of pory(dG-dC) • pcJy(dG-dC). f= 
Purified proteins were essayed in the. ah^ero o( « nonspecific DNA competitor. 
In Bupcrshift experiments, antibodies were added just before nuclear proteins. 
An antiserum containing Oa-1 antibodies was provided by M Perry (The Uni- 
versity of Texas Southwestern Medical Center, Dallas) (10). Poryclonal antibod- 
ies against Oct-2 were obtained JErOm Santa Cruz Biotechnology (Santa Cruz. 
Calit). Reaction mixtures (25 to 50 uJ) were Incubated for 30 mm at room r : 
teniperarare and fractionated on a 4% (wt/vol) poryacrylamide gel in TBE :r 
buffer (45 mM Iris, 45 mM borate, 1 mM EOTA) for 3-5 to 4 h ai J50 V, 

r&rificatiQii and charactciiza tloa of RCS cehVspeciAc DNA-burdmg proteins. : 
Nudesr extracts from RCS cells (about 400 mg of protein} were diluted at 3 
mgyml in buffer A (20 mM HEPES [pH 7.9), 10% IvoVvolJ glycerol, I mM 
EDTA. 0O5% tvol/vot] NOnidct P-40. OS mM dithiorhreitoL 1 mM phenylmcth- 
yliulfonyl Auoriuc. and 10 ug of Icupeptin and pepstatin per ml) supplemented 
with 70 mM NaCl. Extracts were loaded on a first 7-«l DNA amnity column 
which was prepared by the method described in reference 13 by eovalent cou- 
pling of the witd-type drmhle-atranrtftd R7 oligomideorjde (see Kig. 5A) to 
CNBr-octivaied $ephsrose 4B (Sigma, St, Louis, Mo.). After successive washes . 
of the column with buffer A coniahiing 70 and then 150 mM Nad, chondrocyte- "\ 
5pcdnc proteins were elutcd in buffer A supplemented with 300 mM NaO- The ._' 
elured fraction was diluted in 3 volumes of buffer A and loaded On a second DNA ' Vr 
affinity eohirnn of about 6 ml This column contained a highly mutated enh ancer % 
fragment made with complementary oligonucleotides (5'-gatccAAAGCCCGTT 
CTACAGCAlct jt-3 ' and 5'<uitl^1rGClXiTAGAACGGGCiTTg-3'). Chon- 
arc<yte-spccific proteins were eluted from this column at 150 mM NaCL Frac- 
tions were diluted to 125 mM NaO and loaded on a 1-ral Mono Q column 
(Pharmacb Biotech, Piseatawpy. N J.). Choodrocytc^pccific pittto'nx were re- 
covered in the flowthrough, which was then diluted to 50 mM NaO and applied 
to a 1-ml Mono S column (Pharmacia). Proteins were eluted by using a XO-mJ 
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♦21W *2343 
+21S7 >22^i *2260 +2295 



♦2294 +234$ 



♦22» +2277 



Intro n~l 
Segment* 


RCS 


10T1A 


none 


0^±OL3 


C-7±0L2 


2x156 






1*AC 
2xAC 


02 
70.1*29.7 


1*5 
16 ±0.3 


1*AD 
ZxAD 


2£ 
457 ±145 


S3 
53 ±U 


2x BT> 


03 


3JQ5 


2xA 
4xA 


OlD 
1478 ±112 


US 
23±L0 



Mot_ Qell. Biqi_ 



mouse rT ^Tf^a a Tfift<^fV^T^ ^^TATf^flgPTGAffl^AA^nCGCCATTCATfi&fi& 

rat . C 

human - - « C 



D 



to ^ 



dA Cg gP«ATCGGGGTC TGT- 



R7. 



-GARAftQCOOC ATTCAT <lA£A 



JUt&QSXJCftCTCAIG&5A 



Segments 


RCS(1> 


RC$(2> 


ian/2 


not* 


0.2 


02 


1.5 


4xA 


1457 


219 


OS 


4x4A 




325 




SxRl 


0.1 




u 


3xR2 
4xft2 

exia 

8*R2 
12xJu> 




- 0,66 

3,5 
7L9 

469 
1157 


1A 
23 
4-K 



FIG. L Delineation of an is-5p C3/Zai enhancer. (A) DMA constructions- The 156-op enhancer segment of CalZal Intron 1 ana sutoegmcnis of this cnhajiccr£^-' 
designated A, B, C and D. weredoncd bdmduahy of in combinations (indicated by dotted fines) a$ one copy Ox two or four tandem copies upstream cf an «9-op CoCcl - 
promoter driving the lucifcroc (LUC) gene- Numbers Indicate the distance of the first and last nocfeotfdea of e*cfe segment fVnm the transcription start site m the 
Col2*l £c?ie. (B) Transient transfection capcriracirti *ith RCS and 10TV2 cells and the constructions shown in panel A. The introa 1 segments and the number of 
tandem copies of these segments in each construction tested arc hidlcaied Id the first column. Laciferasc activities are shown w» Uic &vc(iigG values :* standard deviations 
for two to four independent culture* tested in one or two representative experiments. (C) Nucleotide sequence ot the A element 1 no coding stranfl of the mouse ccaal 
A element is aligned with th« analogous regicm tn the human and rat genes. Only bases m the human and rat genes that differ from the mouse sequence are shown; 
identical bases ere indicated by dots* U*e two inverted repeats are indicated by arrows, and their nucleotide* axe underlined except at one G/C mismatch. (DX - • 
Constructions made with subxgmcnU of the A efciuettt. TVe sequences of subse&ments dA» Rl, and R2 arc aligned with that of the A element. The 10 bp delation* . 
from A hi dA is represented by dashes. Nucleotides cif the two repeats are underlined, except for One QfC misnaatdL All elements were Cloned as multiple tandem vopte 
in the vector as in panel A. (D) Transient tranifeetzoa experiments m RCS and 101172 cells. DNA constructions were mode as described for panel A by uaLig 
3 to 12 tandem copies of the elements shown in panel D. Lwdfettse activities are shown as averages for duplicate cultures in two representative experiments with SQS:^ ' 
cells and one experiment with 10T1/2 cells. ^ 



NaQ concentration gradient from 50 to 300 mM, followed by 4 ml of 1 M NaCL 
Chondrocyte-Speeinc proteins were eluted at 150 to 250 mM salt. 

Protein purification was monitored by gel retardation assay. Sodium dodecyi 
sulktc-potyaciylamide gel electrophoresis (SDS-FAGE) was performed in 89& 
poh/acrylamide gels. Silver staining of proteins in gels was done by the method 
described in reference 16, with 100 ui of Mono S fractions concentrated by 
precipitation with trichloroacetic acid. Protein standards were obtained from 
Amershare (Arlington Heights* til). For protein elution-renaturation experi- 
ments, 30-p.l samples of Mono S fractions were denatured at 100°C in the 
SDS-PAGE sample buffer After electrophoresis, gels were extensively washed 
foT 1 b in buffer A and cut into shoes. Each sCce was crushed* and proteins were 
eluted In 4 volumes of buffer A supplemented with 50 mM KCl and 25 mg of 
BSA per ml for 3 h at room temperature. Gd shift assays were done by edding 
the labeled probe to 25 >J of eluates. 



RESULTS 

Delttteation of an 18-bp CoQal enhancer in . RCS cells. Re? ± 
suits obtained in our previous studies were consistent with the > 
notion that elements in the 5' and 3' parts of a 15f>bp Cal2al x 
iatron 1 segment could be needed together to generate en-. *: 
hanccr activity in chondrocytes (17 T 28). To better delineate 
active enhancer elements, we divided this 156-bp segment into 
four subfragments (Fig. 1A). The 5' A element contained two 
inverted repeats of 11 bp each with one mismatch, separated by 
IS bp. This element is highly conserved among the human, rat, 
and mouse genes (Fig. 1C) (13, 19). The 3' C arid D elements 
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Exptl 


Expt2 


none 
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2805 


12xR2* 






12.x m<l-2>Itt» 


1.21 




12 x m(5-$)R2 




3893 


12 x m(8-9)R2 


Q.8S 




12xm(10-ll)R2 




an 


ttxm<U-l5)R2» 


4>«8 





18 from dm 5< to the 3' end. Only milled nucl^ud^^K^^an^ ^ ™ ^^T^*^^ °i ^ 112 dftment ww numfcUd 1 to 

parents in the delation* of the muUnts. ^X^^ 17 ^ * mmatcd nudcotld « *~ in 

^""i^ a G/C Mismatch. There wild-type 

than the R2 tkment in experiment I but on wmwp the two clients were simUArlyLi^ SlSEta^ST &PpCaiS **nioie 



each corresponded to a sequence that showed DNase I pro- 
tection with nuclear extracts of both RCS cells and 10T1/2 
fibroblasts (17). The B element partially overlaps A and C. 
Various combinations of these elements were cloned upstream 
of an 89-bp Collal promoter driving the luciferase reporter 
gene, and the constructions were tested in transient transfec- 
tions in RCS and 10X1/2 cells (Fig. 1A and B). As observed 
previously (17), the promoter by itself was barely active to the 
two cell lines, but it was highly activated in RCS cells and only 
minimally activated in 10T1/2 fibroblasts by two copies of the 
156-bp enhancer. One copy of cither AC or AD was essentially 
inactive in both cell types, but two copies of cither combination 
strongjy stimulated promoter activity in RCS cells but not in 
fibroblasts (Fig, IB). Two copies of BD and two copies of A 
alone were essentially inactive in both cell types. Four tandem, 
copies of A alone induced very strong promoter activation in 
RCS cells, reaching a level about 50-fold higher than that 
achieved by two copies of the 1564>p enhancer. Activation was 
minimal in fibroblasts. We concluded that the 48-bp A element 
contained the c£r-actmg sequences responsible for the RCS cell 
specificity of the ColTal enhancer and that the C and D seg- 
ments might contain binding sites for proteins that cooperated 
with factors binding to A in order to generate a high level of 
enhancer activity in RCS cells. Although D was more potent 
than C, these two segments appeared to play similar roles and 
Were not necessary together. 

We then tested whether the two inverted repeats in A and 
their 18-bp linker were necessary for enhancer activity (Fig. ID 
:md E). Four copies of an element harboring a 10-bp deletion 
within the linker (dA) activated the 89-bp Col2aI promoter in 
RCS cells as efficiently as A Eight copies of an element con- 
taining the 5' repeat (Rl) failed to activate the promoter in 
either RCS cells or 10T1/2 cells. However, an element contain- 
ing the 3' repeat (R2) increased promoter activity in RCS cells 
in a copy-nurnber-dependem manner; reaching several thou- 
sand-fold with 8 and 12 copies. Very little activation was de- 
tected in 10T1/2 cells with multiple copies of R2. Multiple 



copies of an 18-bp sequence containing the 3' repeat therefore 
appeared sufficient to induce high levels of promoter activation 
in RCS cells. 

Abolition of the activity of the enhancer by specific 
mutations. To delineate the binding site for DNA-binding 
proteins potentially implicated in enhancer activity in RCS 
cells, constructions in which transversion mutations were in- 
troduced in the 18-bp R2 sequence or in a 20-bp R2* sequence, ; 
which contains two additional nucleotides at the 5' end, wer&- 
made (Fig. 2). 'INvelvc copies of the R2 and R2* elements were'^ 
similarly active in RCS Cells (Fig. 2). Mutation of the nudeo- ' 
tide pair 5-6 slightly increased the activity of the enhancer in 
RCS cells, whereas mutation of the nucleotide pair 1-2, 8-9 r 
10-11, or 14-15 abolished activity. These results indicated that 
nucleotides both inside the repeat (8-9 and 10-11) and in the 5' 
(1-2) and 3' (14-15) flanking sequences were essential for en- 
hancer activity. The importance of nucleotides located outside 
the repeat is in agreement with the absence of activity of Rl, 
whose nucleotides flanking the repeat are different from those 
in R2. 

Activity of Col2al enhancer fragments in primary chondro- : 
cytes. The activities of Col2al enhancer elements were tested " 
in mouse rib chondrocytes by transfecttog primary cells soon -i 
after their isolation from cartilage when they were still fully 
diffijrentiatcd (14). The 89-bp CoUal promoter was barely 
active in these cells but was strongly activated by Collal en- 
hancer fragments that were active in RCS cells (Table 1). 
These included a two-copy 231 -bp element, the 4-copy 48-bp A 
element, and the 12^copy 2CR)p R2* element. Similar results 
were obtained with the 12*opy R2 and R2* elements (data not 
shown). Hie 231*bp element, previously shown to be a strong 
enhancer in RCS cells (17), contained the 156-bp enhancer 
phis 75 bp of the 5' upstream sequence. Mutations in the 18-bp 
enhancer that abolished activity in RCS cells did the same in 
primary chondrocytes (Table 1). Hence, the minimal Col2aI 
enhancer elements were active in primary chondrocytes as well 
as in RCS cells. 
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TABLE 1- Traasfcction of primary chondrocytes with 
Col2al constructions 



InUOfl seamen r* 
None - — « 

2 X _MtUI ||»™ 

4 X A — — - 

12 X R2" »• « »j»»i«n.»i 

12 X m(l-2)R2' . 

12 x m(14-l5)R2* 



Luciferase activity 6 



0.31 ± 0.16 
271 ±77 
393 ± 1.5 
153 ± 19 
0-98 ± 0.17 
030 £ 030 



■ The 89-bp CoI2aJ promote* construction (Fig, 1) was tested la parallel with 
constructions containing Cofol intron 1 segment 2 X 231 (two tandem copies of 
a 231-bp enhancer segment $panfling nucleotides +2113 to +2343 Qf the Col2al 
gene) or 4 X A (four copies of the A element [+2188 to +2234]) (Kg. 1) or one 
of the segment* fa Fig. 2. 

* Average ± standard deviation tot triplicate cultures of One representative 
eKperoneoL 



Actfvity of CotZal enhancer fragments in transgenic mice. 
TO verify the chondrocyte specificity of the minimal enhancer 
elements in vivo, we generated transgenic mice harboring four 
copies of A cloned in the vector used in our previous study with 
longer Coital enhancer fragments (28), in which a 309-bp 
Col2al promoter drove the Pgeo reporter gene (Fig. 3A). This 
promoter was unable by itself to direct cartilage expression 
(28). Two of three transgenic founder embryos collected 14.5 days 
postcoitus stained positively with X-Gal, a chromogenic substrate 
for p-galactosidase, whereas the third embryo showed no staining. 



The pattern of staining in the positive embryos was similar to the 
one obtained with longer enhancer fragments (28), although it 
was somewhat less intense. Whole-mount embryos showed 
staining in the cartilages of the ear and nose, in the cartilage 
anlagen of the limb long bones, in pelvic and shoulder girdles, 
and in vertebrae and ribs (Fig. 3B). Histological analysis of 
multiple sections throughout the whole embryos indicated that 
only chondrocytes stained with X-Gal (Fig. 3Q- The A ele- 
ment thus appeared to be sufficient to confer chondrocyte- 
spedfic expression in vivo- 

Of six transgenic mouse embryos shown by Southern analysis 
to harbor 12 copies of the R2 element cloned in the same 
vector, none stained with X-Gal (data not shown). Since the 
luciferase assay is more sensitive than X-Gal staining, trans- 
genic mice were generated with the same construction that was 
used in txansfections, i.e., with 12 copies of R2 doncd up- 
stream of the 89-bp Col2al promoter, itself linked to the lu- 
ciferase gene. Significant luciferase activity was detected in 
newborn transgenic mice in extracts from rib cages and verte- 
brae which contained cartEagc, from the brain and skin, and 
from the tail which contained both cartilage and skin besides 
other tissues (Table 2). All other nonchondrogenic organs 
were negative. Chondrocytes isolated from the ribs of trans- 
genic mice contained high levels of luciferase activity (Table 2). 
Hence, although the construction allowed promiscuous expres- 
sion in some nonchondrogenic tissues, our results indicatect 
that the R2 element was able to direct promoter expression in 
chondrocytes in vivo. 




-p 



-309 



+1 



4xA 



+308 



SA-pge o-bpA 
7T 





RG. 3- X-Gal staining of Transgenic mice harboring four copies of clement A. (A) Scbxmalk reprerataooo of ^ ^ '^^S^^^^t^i^ttS^ ^Jv^toSwh2Sl^^^»eft« 
A element were inserted up*ireanfof the SA-Pgco-bpA cassette and downstream of a Cot 2a I segment extending from -309 t^30&The j^fj^^**^™ 
MutaT spUcc wSor (SA), which allows cor^spUdng of the inlrOU sequence; the 0gco gr-c wh*h encodes n fusion pto^n ^ Srcft^ci coU frg^w*** 
a^^n^e^SSce icJties; and the bovine growth Unooc poiyadenylation »bpA)^c Cctol KW*** iCT^TftS^ 
1 andtWoximal 70 bp of intron 1. The Coilal translation initiation codon was mutated to CtG to kvo, tfamla^^WtiM at the AUG co<k» of &$« . RNA. 
m^nt^^ WcwS of two different transgenic founder embryo* *t*in*d with X-GaJat J« S day, postcoitus. (O Histological analysis of a portion of a sagittal 
section of one of the two embryos shown m panel B. The section w» eountcrstaincd with eosln. Bar, 400 u,m. 
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TABLE 2. Lucifenisc activities in tissue extracts from transgenic 
mice harboring 12 copies of the R2 clement" 



Extract 




Activity* 






Mouse l 


Mouse 2 


Mouse 3 


Rib cage 
Vertebrae 


173 
S8 


27 
28 


19 
9 


Brain 
Skin 


114 
154 


AV f 

■ 7 


1 o 

Jo 

7 


Tail 


430 


20 


383 


CaJvarium 

Muscle 

Lung 

Heart 

Liver 

Intestine 

Spleen 

Kidney 

Thymus 


7 
3 
5 
1 
5 
1 
1 


1 
0 
0 
0 
0 
0 
0 
2 


3 
2 
0 
1 
0 
0 
5 
0 
2 


TaiF 

Chondrocytes*'* 


245 
1,47S 


10 
250 


8 

392 



Transgenic mice were generated with a conximcrion made of 12 copi*j of tho 
R2 element doncd upstream of die 89-top Codal promoter drivHrtg the Jucifcraw 
fiene (Fig. 1). Founder rake expressing the nuns^cnc were sacrificed within 3 
days after birth, anrl lueifrrase activities in tho indicated tissue extiacis were 
■»ct& tired. 

b In relative luminescence units per microgram of protein. 

«n* lost two row* of data conwpund to ihrcc mice different rrom th* th rw 
mice wftose data are luted in the rest of the table 

Isolated from tbc rib cages of transgenic mice ha/bonn* tl w same construc- 
tion as above. Lucifer**, activity was measured directly after digestion yf rib 
caioluges by ool^geuase and extensive washes of the cells in phosph«*-buffercd 



Specific activation of a heterologous promoter by the 18-bp 
enhancer* We showed previously that the CoQal promoter 
does not contain elements necessary for chondrocyte expres- 
sion, using constructions in which a 231? or 182-bp ColZal 
enhancer fragment was cloned upstream of either a minimal 
adenovirus major late promoter or a minimal p-globin pro- 
moter (17, 2S). This result was confirmed with a construction 
containing the 12-copy R2 element cloned upstream of a min- 
imal promoter (-41 to of the mouse proo2(I) collagen 
gene {CallaT) (Fig. 4). Thk short promoter, which contains no 
activating elements upstream of the TATA box (8). was essen- 



l*-bp CHONDROCYTE ENHANCER 4517 

tially inactive in RCS and 10T1/2 cells, but it was significantly 
activated in RCS cells, not in fibroblasts, by the 12-copy l&bo 
enhancer (Fig. 4). The level of activation of the minimal 
CoQal promoter was, however, lower than that of the S9-bp 
CoI2aJ promoter. It is thus possible that the 89-bp CoQal 
promoter contains elements not present in the shorter ColTal 
promoter tbat support transactivation by the R2 multimer 

Proteins selectively expressed in RCS cells and primary: 
chondrocytes bind a discrete sequence in the 18-bp enhancer 
To determine whether RCS cells and chondrocytes express 
unique nuclear factors that specifically bind to the 18-bp en- 
hancer and to locate the precise DNA binding sites of these: 
factors, gel retardation assays were performed with nuclea/ * 
extracts from various cell types and oligonucleotide probes 
containing the R2 element in its wild-type form and a scries of & 
mutant forms (Fig. 5A). These mutant probes each contained?""' 
two different adjacent nucleotides modified by transversion 

Six major DNA-protein complexes were separated by elec- 
trophoresis after incubation of RCS cell nuclear extracts with 
the wild-type probe (Fig, SB). Complexes 1, 2, 5, and 6 likely 
corresponded to ubiquitous-proteins since tbey were formed 
with nuclear extracts from most cell types. Complex 3 was • 
formed with nuclear extracts from RCS cells and was the major> ' 
complex observed with extracts from primary chondrocytes. J$? : 
complex with appioximaiery similar mobility was also seen wid^, 
nuclear extracts 60m the rymphoma FJ^l and Raji cell hne^T 
but it was absent in nuclear extracts from fibroblast cell lines ^ 
(10T1/2 and 714 cells), RO$ osteosarcoma cells, and ail other 
cell lines tested (QC,, myoblasts, HeLa cervical Carcinoma 
cells, $194 myeloma cells, and NMuIj liver cells). Ctomplex 4 ' 
was formed exclusively by nuclear extracts from RCS cells. We 
tentatively concluded that complex 3 contained one or several 
proteins selectively expressed in RCS cells and primary chon- 
drocytes, whereas complex 4 contained one or several proteins 
present exclusively in RCS cells. ' 

Oligonucleotide probes containing mutations in nucleotides!^ 
8 to 17 were unable to efficiently form complexes 3 and 4 S&fc 
complex 1 (Fig. 5C). These included probes with mutations inF* 
the nucleotide pairs 10-11, and 14-15 which were shown t©Y>. : 
abolish chondrocyle-specific enhancer activity coucrpletely (Fig. %i 
2 and Table 1). In contrast, mutation of the nucleotide pair 1-2 Si / 
which was also shown Lu abolish enhancer activity did not -~ rl 
s^mflcaniry affect the formation of any DNA-protein complex, 
nor did mutation of the nucleotide pair 3 4. Mutations of 
nucleotides 6 and 7 allowed stronger binding of proteins in 
complexes 3 and 4, and also complex L an effect which could 
be related to the slightly higher enhancer activity of the R2 ie." 
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FIG. 5. IdttKiflcatfon of cboadrocyte-SpecJflc proteins binding to the R2 el- 
ement (A) Qli&omiclooude probes used in jsel retardation vtxiy*. The wild-type 
probe consisted of a doubte-Mranded oligonucleotide corrcspondmj to the 184m 
R2 element to which nucleotides were added to farm a BetmlU restriction «t* *i 
the 5' end *ad a ££01 restriction site followed by an EcoW restriction site at the 
y end. The nucleotides of the R2 sequence were numbered l to 18 from the 5' 
io the 3' side of the coding strand: cumber 19 was ftiven to the proximal 
nucleotide of the 3* fUnking sequence: Mutant probes arc designated by the 
letter m followed by the mutated nucleotides to parentheses. These probes W6 
identical to the wild-type pi obe except «er the mutated nucleotides. Only the 
coding Strand Is shown, with dots indicating nucleotide* identical to those u> the 
wild-type sequence. Nucleotides forming the 3* repeat of element A arc under- 
fined. (B) Gel retardation assay with the R2 wild-type probe and nuclear extracts 
from various cell types. The following cell types were used: primary mouse rib 
chondrocyte* (Fr. CbA RCS cells, 10TU2 mouse emhryo fibroblasts, subline 714 
of BALU6T3 mouse emb«yo fibroblasts, C&i mouse Skeletal myoblasts, ROS 
17/2.8 rat osteosarcoma cells, HeLa ham an carcinoma epithelioid cells, SIM 
mouse myeloma cetfe, ETjI mouse lymphoma T-type celb> NMuLi mow* normal 
liver cdK and Rnji human h/raphobUst-Pke cells. Six major DNA-protein com- 
plexes, numbered 1 to 6\ were separated by electrophoresis after incubation of 
the RCS cell nudear extracts with ibe R2 probe (C) Gel retardation ftSsaya with 
R2 mumnt probe* nnd audear extracts from RCS celts and primary chondro- 
cytes. The major pf OtCtn-DNA complexes formed by incubatfoo uf RCS cell 
nuclear extracts wim the wild-type pmlic anc indicated Bands X 5* and 6 appear 
fainter In the RCS samples in panel C than in panel B because of the addldon of 
(L5 tig of poMdO^lQ • poryfdG-dQ to the reaction mixtures. Note d»t bands 
3 and 4 appear weaker with the n>(1 ;2) probe than w«i the wild-lype probe, but 
this was not the case In other experiments. 

clement that contained mutations in nucleotides 5 and 6. Fi- 
lially, mutations of nucleotides IS and 19 (nucleotide 19 is part 
Of the flanking sequence added to the lS-bp element and does 
not correspond to the Col2al sequence) did not affect the 
formation of any DNA-protein complex. The proteins in com- 
plexes 1, 3, and 4 thus appeared to bind to the same sequence, 
CATTCATGAG, suggesting that these proteins might belong 
to the same family of DNA binding factors. 

Only the 5' part of this 10-bp bmding site is conserved in the 
Rl element. In agreement with this partial homology, com- 
plexes 1, 3, and 4 were not observed when the Rl element was 



used as a probe in gel retardation experiments with nudear 
extracts of RCS cells (data not shown). When the Rl, R2, and 
mutant R2 oligonucleotides were used in competition with the 
R2 wild-type probe, results were consistent with those obtained 
in direct binding experiments," Le„ only the Rl oligonucleotide 
and the R2 oligonucleotides with mutations in nucleotides 8 to 
17 were unable to compete for the formation of complexes 1, 
3, and 4, whereas the R2 oligonucleotide competed efficiently 
(data not shown). 

These results showed that proteins with a restricted pattern 
of cellular expression were present in RCS cells and primary 
chondrocytes and bound to the 18-bp enhancer. All mutations 
within the binding site for these proteins that were functionally 
tested in transfection experiments abolished enhancer activity, 
Strongly suggesting a role of these proteins in enhancer activity. 
These results, however, do not explain why a mutation of the 
two nucleotides located at the 5' end of the 18-bp enhancer 
abolished activity since no significant difference was seen in gel 
retardation assays whether a wild-type probe or a probe mu- 
tated in these two nucleotides was used. It is possible that these 
nucleotides were too close to the 5' end Of the oligonucleotide 
and therefore could not bind proteins efficiently. When larger 
oligonucleotides that extended more upstream were used, 
larger DNA-protein complexes were observed with extracts of 
RCS celts, but these complexes could not be distinguished 
from those obtained with extracts from 10T1/2. fibroblasts (data 
not shown). 

The two chondrocyte-specinc enhancer-binding proteins ex- 
hibit similar biochemical properties. In order to better char- 
acterize the chondrocyte-specific enhancer-binding proteins 
present in complexes 3 and 4, these proteins were extensively 
purified from RCS cell nuclear extracts by sequential chromo- 
tographies through two different DNA affinity columns, fol- 
lowed by Mono S and Mono Q ion-exchange columns (sec 
Materials and Methods). The proteins present in these two com- 
plexes copurificd through the four columns (data not shown). 
The Mono S fractions containing these proteins (Fig. 6 A) were 
then fractionated by SDS-PAGE. Silver staining of the gel. 
showed only a few protein species (Fig. 6B). The two most 
intense bands corresponded to proteins with apparent MjS of 
52,000 and 54,000. The relative intensity of these two bands 
and their Mono S elution profile were consistent with the 
hypothesis that the upper and lower bands in the SDS-PAGE 
corresponded, respectively, to complexes 3 and 4 in gel shift 
assays. DNA-binding experiments performed after elution-re- 
naturation of proteins elated from gel slices cut from another 
lane of the same gel as the one used for sliver staining con- 
firmed that the 54- and 52-kDa proteins formed, respectively, 
complexes 3 and 4 in gel shift assays (Fig. o*C and D). Gel 
retardation assays performed with purified proteins (Mono S 
eluates) and mutant R2 probes confirmed that the purified 
proteins were binding DNA to the 10-bp site identified, with*- 
crude extracts (data not shown), r^rrthcrmore, methylation 
interference assay using purified proteins and a DNA probe 
containing the 48-bp A enhancer element also indicated that 
these proteins contacted DNA in the 10-bp site (data not shown). 

These results indicated that the two chondrt>cyte^edfic 
DNA-bhiding proteins have similar M^, and must tic closely 
related since they copurified and showed similar DNA-binding 
properties. Since each one of the two DNA-binding activities 
was recovered from gel slices that contained a single silver- 
stained band, it appears likely that the proteins bound DNA as 
monomers or as homodimers. 

The chondrocyte-specific enhancer-binding proteins are 
likely POtJ domain proteins. A search in the Findpatterns 
' database of the Genetics Computer Group (University of Wis- 
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FIG. 6. Cbatactcrusattoa of a purified preparation of chondrocyte-specilic 
rtucicar protein*. The cell-specific enhancer-*) folding proteins present in mictear 
extracts from RCS celts werA petrified by chromatography through two different 
DNA afiniry columns and then through Muno O and Mono S eolumn^ as 
descrftwtf in Materials and Methods. The experiments in pa.rcK A to 1> were all 
performed with the same Mono S fractious. (A) Gel shift analysis. Mono S 
fractions were tested b gel retardation zxxxy usin^ the R2 probe. Only fractions 
5 » 11 which contained the pcafc of ACtryiry of complexes 3 and 4 are shown. The 
nncromolar sali concentration* of thwe fractions were as follows: 5, 122; 6> 147- 
7, 176; a, 202; 9, 10, 252; 11, 27J. A ©racket indicates complexes of higher 
electrophoretie mobility whkh likely mnxspond to partfujy degraded punned 
proteins. No probe shift wa$ delected in the flowth rough of the chroittttugraphy 
or in other elation fractions (data uol shown). (B) SOver staining of proteins 
ehilcd in the Mono S fractions 5 lo 11 and fractionated by SDS-PAGB. The A?> 
of protein standards are indicated on the left, and the Hfi of two major protein 
species at? indicated on the Wght (C) Schematic representation of gel slicing. A 
pool of fractions 7 to 9 from Mono S chromatography was loaded on the same 
gel as *0 panel B. After electrophoresis and gel washes* the lane of the gel that 
contained the sample was cut bio horizontal slices which were numbered as 
indicaifid. Shaded boxes represent gel slices IS, 20, and 21, from which proteins 
forming complexes 3 and 4 wew recovered (sec panel T>\ (D) Ocl shift assay 
with proteins eluted from SDR-PACOi. Proteins dulcvJ from the gal slices Shown 
in paijel C were tested in gel shift assay using fhe W7. probe. Only the assays for 
slices from which proteins forming complexes 3 and 4 were recovered arc shown. 
Stice number* are indicated at 0w top. Crude extracts (CE) from RCS eeJIs were 
used as a sianrfxtd, and compltxe* 1 u> 6 formed with these attracts arc indicated. 



consin, Madison) indicated that the sequence of the 10-bp 
fcNA-binding site, CATTCATGAG, mi£bt bind members of 
the POU domain protein family of uanscription factors. This 
sequence contains a low-affinity heptamer consensus binding 
sit© (CTCATGA) on its lower strand and an overlapping im- 
perfect high-affinity octamcr binding site for these proteins on 
its upper strand (ATTAATGC). A characteristic of POU do- 
main proteins is their flexibility In DNA sequence recognition 
(9). We, therefore, investigated whether the chondrocytc-spo 
cific DNA-binding proteins might be POU domain proteins. 

We performed gel shift assays using in parallel the wild-type 
R2 enhancer probe (R2) and a probe (OCT) containing a 
consensus octamcr binding site for POU domain proteins. 
Three major DNA-protein complexes, 1*, 3*, and 4*, were 
obtained after incubation of RCS ce}I nuclear extracts with the 
OCT probe (Fig. 7A, lanes 11 and 16). The electrophoretie 
mobilities of these complexes were similar to those of com- 
plexes 1, 3, and 4 formed with the R2 probe (lanes 1 and 6). 
The OCT oligonucleotide competed very efficiently fox the 
formation of complexes 1, 3, and 4 with labeled R2, at least 10 
times better than unlabeled R2 itself (compare lanes 1 to 5 
with lanes 6 to 10); accordingly, R2 competed less efficiently 
for the binding of proteins to the OCT probe than unlabeled 
OCT (compare lanes 11 to 15 with lanes 16 to 20). These 
results indicated that the proteins forming complexes 1, 3, and 
4 with R2 were likely the same as those forming complexes 1* 



18-bp CHONDROCYTE ENHANCER 4519 

3*, and 4*, respectively, with OCT. Furthermore, these pro- ' 
teins likely belonged to the POU domain protein family since 
they bound with a higher affinity to tbe OCT oligonucleotide 
that contains a strong binding site for POU domain proteins 
than to the low-affinity and imperfect binding sites for these 
proteins in R2. Nuclear extracts from primary chondrocytes 
formed two major complexes with OCT, which corresponded 
to complexes 1* and 3* from RCS cell nuclear extracts (data 
not shown). Complex 3* was much more abundant than com- 
plcx 1*, and, similarly, complex 3 formed with R2 was much" ■ 
more abundant than complex 1. These results further suggest 
that the specific proteins identified in nuclear extracts from 
RCS cells and primary chondrocytes were identical. The spe-- 
cine proteins purified from RCS cells also bound very effi-^ 
ciently to OCT (Fig. 7B), confirming that the proteins that ' 
bound to the two probes were identical. ' : M 

Since complex I was formed with a protein widely expressed 
(Fig. 7A) and since Oct-1 is a ubiquitous POU domain protein ^ 
we asked whether complex 1 contained Oct-1. An antiserum 
containing antibodies against Oct-1 produced a supcrshift of 
complexes 1 and 1* formed with nuclear extracts from RCS 
cells (Fig. 7Q and from other cell types that were tested (data 
not shown), with both the R2 probe and the OCT probe, thus S~ 
confirming that complex 1 contained Oct-1. fir- 
Antibodies against the predominantly l3^hoid-rC3frictedij£ • 
Oct-2 appeared to supcrshift the complex formed with 
and Raji nuclear extracts that had ar^rcsdinatery the sarijgpf 
mobility as complexes 3 and 3% but these antibodies did not^T 
supershift complex 3* or complex 4*, formed cither with RCS ^ 
cell nuclear extracts (Fig. 7D) or with purified proteins from 
RCS cell extracts (data not shown). These results strongly 
suggested that the protein present in complex 3* formed with . 
chondrocyte extracts very likely corresponds to another POU 
domain protein, 

Altogether, our DNA binding experiment data strongly sug- . 
gest that RCS cells and primary chondrocytes express one or : * : .:* 
two members of the POU domain protein family which bind to&| 
a 10-bp sequence in the minimal CoVlnl enhancer element W gB 
hypothesize that these proteins play a role in enhancer actfvityS^ 
Abolition or the activity of 465- and 231-bp enhancer ele-^S .. 
meitts by deletion of the 10-bp binding site for chondrocyte- fe 
specific proteins. In order to determine whether the 10-bp 
sequence which binds chondrocyte-specific proteins and is es- 
sential for the enhancer activity of the multimerized IS-bp 
sequence in chondrocytes was also essential £0* the activity of 
larger nitron 1 fragments (17, 28), we tested the activities of 
enhancer segments of 465 and 231 bp in which these 10 bp 
were deleted (Fig. 8). Whereas the 465-bp wild-type segment €f 
present as a single copy stimulated promoter activity in RCS % r * 
cells, rhe (465 - 10)-bp element was inactive (Fig. 8A). Sirai- i 
larty, the 231-bp wild-type fragment stimulated promoter ac-# - 
ttvity in RCS cells when tested as one copy and about 10 timcsV^*- 
more than that when tested as two tandem copies; but con-^ V- 
structions containing either one copy or two copies of the *• 
(231 - 10)-bp fragment showed no significant enhancer activ- 
ity in RCS cells (Fig. 8B). The 465-bp fragment was inactive in 
10T1/2 fibroblasts, but, interestingly, the (465 - lO>bp frag- v 
ment slightly increased promoter activity in these cells (Fig. • i 
8A). The wild-type 231-bp segment modestly increased pro-' * 
motor activity in 10T1/2 cells, but a similar level of activation \i 
was Obtained with one and two copies. The 10-bp deletion did 
not affect or slightly stimulated, the promoter activation in- 
duced by, respectively, one copy or two copies of the 231-bp 
segment (Fig. 8B). Although the higher level of promoter 
activation obtained in fibroblasts with constructions containing 
the 10-bp deletion was reproducible (data not Shown), its stg- 
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HO- 7. Gel shift analyses using the R2 and OCT probe* 2nd antibodies against Oct-1 and Oct-l (A) Direct binding and competition assays. Nuclear extracts £rorap* 
RCS cells were incubated with the R2 or OCT probe and with a 0- to 300-foM cwx» of tun unlabeled competitor probe, as indicated. The major complexes obtamcdSifc 
with the R2 probe arc labeled 1 to 6, and the major complexes obtained with the OCT probe are labekd 1*, 3*, and 4\ (D> DNMrfnding assays with purified proteins. ~r 
Increasing amounts of a purified preparation of RCS cell-specific nuclear proteins (&0$, 0.4, and 2 id) were incubated with the R2 or OCT probe. Note that the 
preparation used in this experiment was enriched in protein forming complex 4 relative to protein forming complex 3; in other experiments* the purified protein forming 
complex 3 with the R2 probe also bound t&htry to the OCT probe. (C) Superahift of complexes 1 ajirt l* with antibodies directed agalttt Oct- 1, RCS oeU writer taxttea, 
(nucL ext.) were incubated with the R2 or OCT probe in the presence (O or absence (-) of 2 ul of antiserum containing antibodies against Oct-L Supershifts arc 
indicated with wvw}. No *up=r*hift was observed wHh a a&mxvvwK; scrwn (data not shown). (D) SupershiB of Oct-2 with specific antibodies. Nuclear extracts 
RCS, 1RJ and Raji cell* ware incubated with the OCT probe in this praseAca (-§-) or afeencfc (-) of antibodies directed against Oct-Z. SupcrshiAs art indicated witfiLjL 
an arrow. jfr--^ 



nificancc is not understood. It is possible that the deletion 
created a binding site for transcriptional activators present in 
fibroblasts that would otherwise never be allowed to play a role 
in the context of a wild-type enhancer* Alternatively, it is pos- 
sible that fibroblasts contain proteins that bind to the wild-type 
enhancer, not the deleted version, and that decrease the low 
degree of activity of the chondrocyte enhancer in fibroblasts. 
These results nevertheless Indicated that the 10-bp binding site 
for chonoYc«ytc^pccirIc proteins was involved in the high-level 
chundrocylcvspedijc activity of the Cul2al inlron 1 enhancer. 

DISCUSSION 

We have delineated a minimal 18-bp sequence in the first 
tntron of the Col2al gene which after multimerization en- 
hanced promoter activity several thousand-fold in RCS cells 



and primary chondrocytes and only minimally in fibroblasts^^ 
This mnltimcrizcd enhancer also generated promoter express ' %• 
sion in chondrocytes of transgenic mice. The 18-bp sequence Is : ~ 
part of a DNA motif which is highly conserved between the 
human, rat, and mouse genes and which is made up of two 
inverted repeats of 11 bp each, separated by an 18-bp J inkers ? 
The repeats themselves contain no consensus binding site 
known DNA-bindmg proteins, and their significance is not yet £ 
understood. The 18-bp enhancer includes the 3' repeat and -f 
flanking nucleotides. Mutational analysis has shown that nu- 
eleorides both inside the repeat and in the 5' and 3' flanking 
sequences were essential for enhancer activity. Interestingly, 
an clement that included the 5' repeat and flanking nucleotides 
was inactive. This result further emphasized the role in en- 
hancer activity of nucleotides adjacent to the 3' repeat since 
the nucleotides flanking the two repeats are different. 
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FIG. 8. Effect of a 10-bp deletion In large forcon 1 fragments on enhaacer activity. (A) Deletion vrithin a 465-bp intron X sognjcnt. DNA constructions were mad* 
$msl*r\y 10 those in Fig. 1 by using as a tester enhfttttr either a 465-bp inovn 1 fragment (spanning nucleotides +1680 to +2344 in the CoOal gene) or a Corrcspondm* 
mtfoa 1 segment ((465-10) bpj in which the 10-bp binding site for chondrocyte-srjecific proteins had been deleted (nucleotide* +2224 to +2233 [solid portion]) These 
constructions and a construction containiog the promoter only were transfected transiently in RCS and 10X1/2 cells. Luciferasfi activities are shown as averages for 
dxipliewe cultures in one representative experiflWnt. (B) Deletion in a 23 l*bp intron 1 segment. Constructions similar to those used in panel A were made by using either 
a 23l-bp mtron 1 enhancer fragment (+21.13 to +2343) or a corresponding intron 1 segment containing the some 10-bp deletion as in the 465-bp segment These 
segments were cloned as one copy (1 X) or as two tandem copies (2x), and the constructions were [ransf ected transiently in RCS and 10T1/2 crib. Luciferase activities 
*re averages for duplicate cultures of one representative experiment. 



Gel retardation assays have indicated that nuclear proteins 
selectively expressed in RCS cells and primary chondrocytes 
bind to a 10-bp sequence located at the 3 r end of the 18-bp 
enhancer. Point mutations within this site both abolished the 
binding of these proteins and blocked the activity of the mul- 
timcrized 18-bp enhancer. Moreover, deletion of these 10 bp in 
intron 1 segments of 465 and 231 bp resulted in essentially 
complete loss of enhancer activity in RCS cells. These results 
therefore indicated that this 10-bp c&-acttng element plays a 
central role in the activity of the chondrocyte enhancer and 
strongly suggest that the chondzxx^yte^pcciflc proteins are key 
players in the activation Of the Col2al gene in chondrocytes. 

One of the chc^drocyte-specific proteins was present exclu- 
sively in RCS cell nuclear extracts. The other one was present 
both in RCS cells and in primary chondrocytes but in no other 
cell type tested. A computer search indicated that the sequence 
of the 10-bp protein binding site contains a low-affinity hep- 
tamer binding site for members of the POU domain family of 
transcription factors and might also contain an overlapping 
imperfect high-affinity octamcr binding site for these factors. 
Several lines of evidence that the chondroeyte-specific proteins 
might indeed belong to this family were obtained. The proteins 
bound with higher affinity to a probe containing a consensus 
octamer binding site for POU domain proteins than to the 
18-bp Col2al probe. Antibodies directed against Oct-1, a ubiq- 
uitous POU domain protein, supershifted a complex that was 
formed with all nuclear extracts tested and that presented 
DNA binding properties similar to those of the chondrocyte- 
specific proteins. Elution-renaturatton experiments indicated 
that the chondrocyte-speciflc proteins bound DNA either as 
monomers or as homodimcxs, a result in agreement with the 
ability of POU domain proteins to bind DNA as monomers. 
Since no POU domain protein is known to be expressed spe- 



cifically in cartilages, one can speculate that chondrocytes ex- 
press still unknown members of this famiry. Although Oct-1 is 
ubiquitously expressed and involved in the expression of 
housekeeping and cell^spccific genes, several other POU do- 
main proteins show a cefl-type-restricted pattern of expression 
and have been implicated in tissue-specific expression of vari- 
ous genes (9). Analytical purification indicated that the two 
chondrocyte proteins were closely related since they copurified 
through several DNA affinity and ion-exchange chromatogra- 
phies. Moreover, their apparent differ by only 2,000. It is 
possible therefore that they represent two different products of 
one gene. Large-scale purification of the proteins wOl be nec- 
essary to obtain partial amino acid sequences, knowledge of 
which would then be used to isolate cDNAs, 

Our mutational and deletion analyses also indicated that 
besides the 10-bp binding site for chondroeyte-specific proteins 
multiple other sequences present in Col2al intron 1 and the 
promoter were important for enhancer activity. These other . 
elements might bind proteins that cooperate with each other 
and with the chondrocytc-spcdfic proteins in order to achieve 
high-level promoter activation. One such clement must exist at 
the 5' end of the 18-bp enhancer since h mutation of the two 
most-5' nucleotides abolished enhancer activity. Other ele- 
ments are probably present in the 48-bp element outside the 
I84>p sequence since four copies of the 48-bp element were 
able to enhance promoter activity in chondrocytes at a much 
higher level than four copies of the 18-bp element We have 
also demonstrated that the 3' part of the 156-bp intron 1 
enhancer fragment harbored two sequences each of which 
potentiated the activity of the 48-bp enhancer. We have shown 
previously that these sequences were similarly footprinted by 
nuclear extracts from 10T1/2 fibroblasts and RCS cells, sug- 
gesting that they might bind ubiquitous proteins (17). Along 
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with the progressive truncation of GqIZqI intron 1 performed 
to delineate elements involved in the chondrocyte specificity of 
the enhancer, it appeared that more and more copies of active 
fragments were gradually necessary to generate promoter ac- 
tivation. Multimcrizadon of short elements might compensate 
for the progressive deletion of elements important for en- 
hancer strength in much larger DNA segments. Cooperation 
between enhancer-binding proteins and proteins binding to the 
89-bp Col2aJ promoter could also be implicated in enhancer 
strength since the level of promoter activation obtained with a 
minimal Col2al promoter was much lower than with the 89-bp 
C6l2at promoter. It can be mentioned here that promoter 
activation was specific to RCS ceils regardless of whether a 
Col2al or Collal promoter was used, confirming our previous 
observation that the Col2al promoter is not required for chon- 
drocyte expression (17, 28). In agreement with our results, 
Savagncr and collaborators recently showed that elements lo- 
cated within the proximal promoter of the Col2aJ gene were 
required for high-level expression of constructions containing a 
CcUal intron 1 enhancer segment in chicken embryo chon- 
drocytes (20). 

In transgenic mice, four copies of the 48-bp enhancer con- 
ferred high levels of chondrocyte expression on a lacZ reporter 
gene. Twelve copies Of the 18-bp enhancer cloned in the same 
vector could not activate this promoter to levels sufficient to 
detect staining of chonchrocytes by X-GaL However, when 12 
copies of the 18-bp enhancer were cloned upstream of a pro- 
moter driving the luciferase genc> promoter activity was de- 
tected by the very sensitive luciferase assay in cartilage tissues 
and chondrocytes isolated from newborn mice and not in most 
other tissues. Since 4 copies of the 48-bp element were less 
active than 12 copies of the 18-bp sequence, it is possible that 
the 48-bp enhancer contains DNA elements which bind a fac- 
tors) active in opening the chromatin in vivo, eventually in 
conjunction with chondrocy te-specjfic protcin(s) binding to the 
18-bp element, and that these elements would have been de- 
leted when the enhancer was shortened to 18 bp. 

In addition la expression in cartilages, the construction con- 
taining 12 copies of the 1 fi-hp enhancer cloned upstream of the 
89-bp Col2al promoter was also active in the skin and brain in 
newborn transgenic mice. Similarly, we had previously shown 
thuL some expression in the brain was present in addition to 
cartilage expression in transgenic mice harboring a. 182-bp 
intron 1 fragment cloned upstream of a minimal p-globin pro- 
moter (28). We do not know whether this construction was 
expressed in the skin since transgenic embryos were stained 
with X-Gal at US days of development, when the skin had not 
formed yeL Since we observed a perfect cartilage-specific pat- 
tern with four copies of the 48-bp segment linked to a 309-bp 
Col2al promoter, it is likely that elements which inhibit ex- 
pression in the brain, and possibly also in the skin, are located 
in the CoI2aI promoter between -309 and -89 or in the 48-bp 
element outside the 18-bp enhancer. It is possible that the 
expression in brain and skin tissues corresponds to the low- 
level expression of CoKal revealed in these tissues by in situ 
hybridization (2). Although wo have not tested the 89-bp 
Col2al promoter by itself in transgenic mice, it is unlikely that 
the cartilage expression observed with the construction con - 
taining the 18-bp enhancer and the 89-bp CoUal promoter was 
generated by the promoter itself since a 309-bp Col2al pro- 
moter was unable by itself to confer cartilage expression in 
transgenic mice (28). 

While the manuscript was being completed, a 100-bp seg- 
ment of the rat CoUal intron 1 was reported as having the 
minimum size necessary for chonurocyte-specifle expression in 
DNA transaction experiments (13). This element extends 41 
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bp upstream and 12 bp downstream of the 48-bp enhancer 
segment described here. One substitution mutation and two 
internal deletions in a region corresponding to our 18-bp en- 
hancer greatly decreased activity, whereas internal deletions in 
an AT-rich region in the 5' portion of this lOO-bp element 
reduced activity by about one-half: We hypothesize that the 
AT-rich sequence can potentiate the promoter activation gen- 
erated by the 18-bp chondrocyte enhancer. < 
In conclusion, we have identified an 18-bp segment in thlL 
first intron of the mouse Col2al gene that was sufficient tcT 
direct promoter expression in chondrocytes of transgenic mice* 
and in transiently transfected RCS cells and primary chqndj 
cytes. Mutation in a 10-bp sequence within this segment \ 
deletion of these 10 bp prevented enhancer activity and als 
abolished the binding of proteins specifically expressed in RC 
cells and chondrocytes. These proteins likely belong to th 
POU domain protein family. We speculate that they are ke« 
factors in the activation of the Col2al gene in chondrocytes 
and might also be involved in the expression of other genes 
selectively activated during chondrocyte differentiation* Our * 
data also pointed out other elements located in the first introna, 
and in the promoter of. the Col2al gene which likely bincr 
proteins that help generate the high level of expression of the* 
Col2al gene in chondrocytes. 
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All for one and one for all: condensations 
and the initiation of skeletal development 



Brian K. Hall* and T. Miyake 



Summary 

Condensation is the pivotal stage in the development of 
skeletal and other mesenchymal tissues. It occurs when 
a previously dispersed population of cells gathers to- 
gether to differentiate into a single cell/tissue type such 
as cartilage, bone, muscle, tendon, kidney, and lung and 
is the earliest stage during organ formation when tissue- 
specific genes are upregutated. We present a synopsis 
of our current understanding of how condensations are 
initiated and grown, how their boundaries and sizes are 
set, how condensation ceases, and how overt differen- 
tiation begins. Extracellular matrix molecules, cell sur- 
face receptors and cell adhesion molecules, such as 
fibronectin, tenascin, syndecan, and N-CAM, initiate 
condensation formation and set condensation bound- 
aries. Hox genes (Haxd-11-13) and other transcription 
factors (CFKH-1, MFH-1, osf-2), modulate the prolifera- 
tion of cells within condensations. Cell adhesion is en- 
sured indirectly through Hox genes (Hora-2, Haxd-13), 
and directly via cell adhesion molecules (N-CAM and 
N-cadherin). Subsequent growth of condensations is 
regulated by BMPs, which activate Pax-2, Hoxa-2 and 
Hoxd~11 among other genes. Growth of a condensation 
ceases when Noggin inhibits BMP signalling, setting the 
stage for transition to the next stage of skeletal de- 
velopment, namely overt cell differentiation. BtoEssays 
22:1 38-147, 2000. ft 2000 John Wiley & Sons, Inc. 

Introduction 

Gcll condensation is the third of four primary phases of 
skeletogenesls. The first is the migration of ceils to the site 
of future sketetogenesis; the second is the tissue (epithe- 
liaJ-mesenchymal) interactions that result in condensa- 
tions forming; and the fourth is the overt differentiation of 
chondroblasts or osteoblasts (Fig. 1). Each phase involves 
different cellul ar processes and separate genetic controls. 
Our focus in this article is on the process of condensation, 
it is the pivotal stage in skeletal development and takes 
place when a previously dispersed population of mesen- 
chymal cells forms an aggregation or condensation, which 
is the earliest sign of the initiation of a skeletal element or 
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elements."- 2 ) We say elements, because patterning within 
condensations can be quite complex, with more than one 
bone or cartilage arising from a single condensation. For 
example: 

• two cartilages of the lower jaw and two of the bones of 
the middle ear (the incus and the malleus) in mouse 
embryos arise from a single condensation (Fig. 2);<& 3 > 

• the seven bones of the lower beak of chick embryos arise 
from a single condensation^ 

• three bones of the zebrafish head arise from a single 
condensation .ft 

Condensations can also be complex temporally: the sub- 
units of a condensation may persist for different lengths of 
time before making the transition to overt cell differentiation 
(Fig. 2).®*™ 



Skeletal condensations were first described — and the 
term condensation first applied to them — in a now classic 
study on the development of long bones of embryonic 
chicks published by a pioneer in tissue culture, Honor (later 
Dame Honor) Fell in 1925;W see Reference 9 for a review of 
the early work. The mammalian geneticist Hans Gruneberg 
found that so many mutations affecting skeletal develop- 
ment acted at the condensation state that he named con- 
densations the "membranous skeleton" that precedes the 
cartilaginous and/or osseous skeletons-* 1 o> Condensations 
are the primary resource from which the skeleton is built and 
through which the skeleton is modified ontogcnctically and 
phytogenetteaBy. Atchley and Hall ni > Identified condensa- 
tions as the fundamental cellular units of morphological 
change in organogenesis during vertebrate evolution; also 
see References 12-15. 

Condensations may be recognised either at the cellular 
level— through the closer packing density that characterises 
condensed from uncondensed cells— or at the molecular 
level. As shown tn Figure 3, prechonoVogenic condensations 
have cell surface molecules that bind peanut agglutinin lec- 
tin and allow condensations to be visualised^ 1 * 17 * the af- 
finity of prechondrogenic cells in condensations for peanut 
agglutinin (PNA) Is utilised In a technique to isolate and 
characterise PNA-positive cells.* 1 ** Condensations also have 
elevated levels of such extracellular matrix or cell surface 
molecules as hyaladherins. versican, tenascin. syndecan, 
N-CAM, and heparan sulphate and chondroitin sulphate 
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Figure 1. The four phases of the development of a skeletal element are (from left to right): migration of preskeietaf cells (green) to 
. the site of future skeJetogenesis, which Is always associated with an epithelium (purple) and epithelial basement membrane (brown); 
interactions of those cells with epithelial cell products resulting in initiation of a condensation (yellow); and overt differentiation of 
ehondrobiasts or osteoblasts (blue). 




Figure 2. A diagrammatic representation of the compo- 
nents of the first arch prechonoVogenic condensation in a 
C57BL/6 mouse embryo to demonstrate that several skeletal 
elements can arise from a single condensation and peisisl for 
varying periods of time. Components are coded as follows; 
Blue, the core component that gives rise to Mecksl'3 carti- 
lage, and which is present for 12 hours; brown, a rostral 
component from which arises the symphyses! cartilage be- 
tween the two lower Jaws and which persists for 28 hours; 
green, a caudal component that lies across the mandibular' 
hyoid arch boundary (dotted Gne>, persists for 30 hours and 
from which the malleus arises; red, the most caudal compo- 
nent, which also has a duration of 30 hours, and from which 
the incus arises. 



proteoglycans. The discovery of other condensation mark- 
ers continues, however. Thrombosportdin-4 F one of five re- 
lated glycoproteins, is expressed transiently in mesenchyme 
associated with both chondrogenic and osteogenic conden- 
sations/ 1 fl > The sequence of events in condensation Is de- 
scribed in the sections that follow. We begin with the events 
that initiate condensation. 



Initiation of condensations 

Condensations form as a result of one or a combination of 
three processes: 

• enhanced mitotic activity; 

• aggregation of cells toward a center; and 

• failure of cens to disperse from a center.^ 

By 1992, it was evident that TGF-p and fibronectin were 
involved in condensation formation.^ TGF-p regulates fi- 
bronectin, which in turn regulates the ceU adhesion mole- 
cule, N-CAM (Rg. 3, Table 1). By 1995, we and others could 
model condensation as resulting from epithelisJ-mesencriy- 
mal interactions controlled by TGF-p, BMP-2, /Vfsx-T, and 
tenascin.fc- 20 - 4 *) BMP receptors have now boon character- 
ised and localised to condensing mesenchyme in chick 
limbs and in condensations in murine embryos.^ 

Levels of intracellular CAMP increase when preehondro- 
genlc cells condense. The increase is associated with phos- 
phorylation of p36, the nuclear substrate for cAMP-depen- 
dent protein kinase (PKA). Indeed, within the chondrogenic 
pathway, PKA is found only in the nuclei of condensing cells 
and not in chondrocyte nuclei; PKA & imported into the 
nucleus at condensation,* 24 ) The ceMo-cell interactions 
concomitant with condensation and which elevate cAMP 
levels may in turn mediate upreguiation of chondrogenic 
genes, thereby providing a mechanism for initiating conden- 
sation and skeletal development. 

Pax- 7 and Pax 9, genes that share the paired-type DNA- 
binding homeodomain and encode nuclear transcription 
factors, have their strongest expression at the condensation 
stage, consistent with a role In condensation (FTg. Pax 
genes are important regulators of epithelial-mesenchymal 
interactions in many tissues and organs Including the skel- 
eton, kidneys, sense organs (eyes, ears, nose), limb muscfc, 
and brain. Pax-2 t which Is regulated by BMP-7 f is an impor- 
tant player regulating condensation size (Fig. 
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Figure 3. A summary of the major genes and gene products involved in condensation formation (bluo) and In the transition from 
condensation to Overt differentiation (green arrow). The condensation is visualised using peanut agglutinin lectin: the elevated levels 
of cyOlic-AMP and major genee expressed at the condensation stage {Pax- 1, Pax-9, Sox-9) are shown. The differentiating cartilago is 
visualised with Aldan blue. The major genes associated with five stages in condensation flnltlato; Sot Boundary; Proliferate; Adhere, 
Grow) are shown. Two pathways that stop condensation growth (Stop Growth) are shown in yellow and red. Cessation of condensation 
leads to differentiation (green arrow), which involves both upregulation of genes to initiate differentiation and down regulation of genes 
to terminate condensation. See text for details* 



Epftheiial-mesenchymal interactions in avian ekeleto- 
gonosis are mediated, in part, by Prx-1 (formerly MHox) 
and Prx-2 t two members of a subclass of the paired-class 
of homeobox genes related to Drosophila arista! ess. Both 
genes also play a roJe in mediating interactions between 
perichondria! cells and adjacent chondrocytes/ 27 * provid- 
ing a molecular link between condensation and perichon- 
dria! development. The presence of Hox-gene-binding 
sites in the upstream regulatory element of the N-CAM 
promoter makes N-CAM a potential downstream target 
for Hox genes.8« Prx-f is another potential upstream 
regulator of CAMs and therefore of condensation initia- 
tion^°- 30 > 

In murine embryos, Alx-3—a mouse paired (arisfa/ess)- 
like homeobox gene— is expressed at the condensation 



stage in both ectomesenchyme and lateral plate mesoderm. 
Expression is in domains that overlap with P/x-2 and with 
Cart- 7, a chondrogenic marker.< 31 > AbC'4 is found in murine 
mesenchymal condensations of the skull, hair, teeth, and 
mammary glands. Null mutants have only preaxial Poly- 
dactyly,^* indicating either that Alx-4 plays a minor role in 
skeletogenesis or that its functions) overlap with other 
genes. 

FGFs may have a greater role in condensation than has 
been appreciated so far. Homologues of human FGF recep- 
tors -1, -3, and -4 are found in high levels in cranial, 
branchial arch, limb, and axial skeietogenlc mesenchyme in 
the European salamander Pieurodefes wa/£/.w Such high 
levels are indicative of a role for FGFs in condensation 
initiation or maintenance. 
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TABLE 1. The Major Classes of Genes and Gene Products Associated with Skeletogenic Condensations 
Along with Their Functions and Stages of Action" 



Ctenc/Bviw product 



Function 



Stage 



BMPs 

FGF-2 
TGF-p 



flbronectif* 
N-cadhertn 
N-CAM 
Noggin 

Syndocart 

Tenasctn 



Hoxa-2 

Hcxn*13 
HOXO-11 
MqxO-11-13 

cbfa-1 

CFKH-1 

MFH-1 
osM 

Rax- 1, Pax-9 
Prx-1. Prx-2 

Sox-9 



Growth factors 

regulate Hox genes (Woxa-2, Hoxd-1 U Pbx-2) in responso to SM 
regulate M$x-1 , Msx-2 
regulates N-CAM 
regulates fibronectin 

Ceo Surface, cell adhesion and Extracellular matrix mo*e<*ile* 

an extracellular gtyooproteri regulatod by TGF-£; regulatos N-CAM 
a ceil adhesion molecule 

a cell adhesion molecule regulated by FN, Prx-l,Prx-2 and PGF 
a secreted protein that binds to and inactivates BMP-2, BMJ>-4, 
BMP-7 

a receptor that binds to tenascin; binds to fibronectih to inactivate 
N-CAM 

en cxftraeeHutar grycoprotetn that binds to syndecan 

Max genes 

regulated by BMPi, ctownregulated 

alters actiesive properties 
regulated by BMP 
transcriptional activation 

Transcription factors 

transcriptional activating protein inhibited by 

a chicken forWwad-Hslix transcription factor that regulated 

and interacts with Smart transcription tectors 
me$er*chyrnaj transcription factor 

transcriptional activation protein regulated by 8MP-7 and Vitamin 
D a 

oneodo nuclear transcription factors, regulated by BMP- 7 
upstream regulation of N-CAM 
a basic helix-tooo-helix protein 
regulates the cotetgen 2«1 gen* 



growth 

transition to differentiation 
initiation, proiitoratiorx growth 
initiation 



initiation, proliferation 
adhesion 

(nidation, adhesion 
Slows or stops growth 

sets boundary 

stops condensation growth 
sets boundary 



sets boundary, growth, 

prevents differentiation 
adhesion 

proliftif alien , growth 
transition to drfferorrhation 

differentiation of 
ohondroWasts 
initiation, proliferation 

prolifsratjon 
switches coQs into the 
osteoblastic pathway 
growth 
Initiation 
proliferation 
proliferation 



'Also see Figure 3. 



Establishing the boundaries of condensations 

The association between TGF-0 and tenascin in eprthelial- 
mesenchymal interactions documented in Hall and Miyake® 
has been further confirmed experimentally using mouse limb 
mesenchyme in culture. TGF-p-t upregulates a number of 
molecules associated with prechondrogenic condensations, 
including tenascin, fibronectin, N-CAM, and N-cadherin.w 
N-cadherin is associated with adhesion of ceils in conden- 
sations, N-CAM with stabilisation or maintenance of con- 
densations (Fig. 3). Surprisingly, elimination of N-CAM does 
not aTfecl condensation initiation, but this may reflect a 
degree of functional redundancy with other molecules that 
mediate adhesion.^ 

Our understanding of the roles of tenascin and syndecan 
has been enhanced through the demonstration that early 
condensations for limb cartilages in chick embryos are sur- 



rounded by a cell layer that is strongly syndecan^3-posi- 
trve.£°> Syndecan plays an important role in establishing the ' 
boundary conditions that set the limits to condensation size 
(Fig. 3). Syndecan-3 has also been demonstrated in other 
areas of epttheBal-mesenchymal interactions association 
with formation of condensations, including those involved in 
the development of the lens, the otic placode, sclerotomes, 
and feathers.^ Syndecan-3 is also found in areas outside 
the developing skeleton where basic patterning occurs, 
namely in the floor plate of the ventral neural tube and in the 
distal limb mesenchyme.^ 7 ) The possibility that syndecsjrK3 
may play its patterning role through action on eel I -cell and 
ceil-matrix interactions is an intriguing one worthy of further 
study* 

FGFs are another class of molecules that mediate con- 
densation in various organ systems, often acting at more 
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than on© stage in a cascade of interactions .tfw BMP and 
FGF are involved in another situation where skeletogenio 
cells are maintained at a boundary with non-skeletogenic 
cells, viz. in developing sutures. Expansion of the osteo- 
genic front is associated with intense expression of 
BMP-2 and BMP-4 and upregulation of Msx-1 andMsx-2, 
Msx-1 is also found in growing facial mesenchyme in 
which condensations will form.^ Closure of sutures Is 
speeded up when beads soaked in FGF-4 are implanted 
into the suture front. Therefore, as in condensation, main- 
tenance of the population of preosteogenic cells at suture 
margins Is mediated by signals involving FGF, BMP, and 
Msx,^ 

Syndecan and tenascin also help to set boundary con- 
ditions in perichondria and periosteal Thus, tenascin 
and syndecan are deployed in those situations where a 
chondrogenic or osteogenic population must be set off 
from surrounding non-skeletogenic mesenchyme, Tenas- 
cin-C is also associated with the ectomesenchymal con- 
densations of the mandibular skeleton in chick embryos, 
both the prechondrogenic condensation for Meckel's car- 
tilage and The preosteogenlc condensations for the mem- 
brane bones of the mandible.^ Thus, we see a role for 
tenascin-C and syndecan-3 in ectomesenchymal (neural- 
crest-derived) skeletogenic condensations as in conden- 
sations derived from mesoderm (axial and appendicular 
skeleton). 

Although involved in condensation, expression of tenas- 
cin may not be essential for condensation or for skeletal 
development, both of which are normal in mice after the 
single copy of the tenascin gene is knocked-out.*^ I say 
"may not be essentia]," because at this time we cannot rule 
out the possibility that another gene® compensates for the 
absence of tenascin. Because of partial functional redun- 
dancy and/or overlapping gene functions, the interpretation 
of knock-out experiments is not as clear as one might hope 
and as originally anticipated. 

Adhere, proliferate, and grow 

Transcription factors that play pivotal roles in condensation 
formation or in the transition from condensation to ovwl 
differentiation have been identified over the past several 
years. 

Cfkh-1 

A chicken forkhead (winged)-Helix transcription factor ex- 
pressed in condensations of both mesodermal (ribs, verte- 
brae, limbs) and neural crest (branchial arch) origin, is down- 
regulated as chondrocytes or osteoblasts differentiate.*^ 
The most likely function of CFKH-1 is promotion of prolifer- 
ation at the condensation stage (Fig. 3, Table 1) by mediat- 
ing the effects of TGF-p on transcription of its target genes, 



such as fibronectin by interacting with Smad transcription 
factors.*"* 

Mesenchyme fork head 1 (mrn-1) 

Mfh-i is transcription factor expressed in sclerotoma! and 
craniofacial mesenchyme and in differentiating cartilage of 
murine embryos. MFH-1 -deficient mice display skeletal de- 
fects consistent with a poss ible role for MFH-1 In prolifera- 
tion of condensations-^ A further transcription factor* 
Sox-9, is expressed in murine chondrogenic condensations, 
where it regulates the cof2a1 gene. As with MFH-1 f deficien- 
cies in Sox-9 lead to skeletal defects.< 47 > Scleraxis, a basic 
holix-loop-helix protein expressed at maximal levels in axial, 
appendicular, and craniofacial chondrogenic condensa- 
tions, is downregulated with chondrogenic differentiation 
Clearly, further research will be required to understand the 
relative roles of these various transc ription factors. 

Hoxa-2 expression is specifically excluded from chondro- 
genic condensations in the second branchial arch of murine 
embryos, a pattern that is consistent with Hoxa-2 playing a 
role in establishing the boundary and/or size of the conden- 
sation.^) Hqxq-13, on the other hand, alters the adhesive 
properties of prechondrogenlc cells. Therefore, hox genes 
have to be considered as modulators of ceil adhesion (Fig. 
3). Infection of limb mesenchyme with a Wcuca-f 3 construct 
and subsequent culture of these cells is followed by aggre- 
gation of the f/oxfi-73-expreasing cells into multiple clus- 
ters (50,51) Because limb mesenchyme contains cells from 
both somitic and lateral plate mesoderm that give rise to 
myogenic, chondrogenic, and fibroblastic cell lineages, sim- 
ilar experiments need to be undertaken using cells from 
individual condensations. 

Position and shape 

Hom&obo* gene? are now known to play greater roles in 
both epithelial-mesenchymal interactions and in condensa- 
tion formation than previously suspected. Indeed, Hox 
genes are involved in determination of such fundamental 
attributes of condensations as timing and position and can 
affect the particular shapes that condensations assume. 

5' Hoxd genes {Hoxd 9-73), which are known to be in- 
volved in skeletal patterning, have now been shown to func- 
tion at the mesenchymal condensation stage of skeletogen- 
esis* Their patterns of expression in chick limb mesenchyme 
maintained in vitro are complex; Hoxd-9 and Hoxd- 13 ex- 
hibit one pattern, Haxd-I0»12 another. Early in culture, 
Hoxd-9 and -73 are expressed only in some cells, while 
Hoxd-ro, a-11, and d- 12 are expressed in all cells. As chon- 
drogenssis ensues, Hoxd-9 and d-73 are only expressed in 
chondrogenic cells, Hoxd-10-d12 in both chondrogenic and 
nonchondrogenic cells.^ 2 ) Furthermore, at least in chick limb 
buds, cartilage can function as a signalling center, inducing 
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expression of Hoxd-12, Haxd-13 t and Shh, which are in turn 
associated with induction of supernumerary cartilages.^ 

Misexpression of Hoxd-13 and Hoxd-11 in chick limb 
buds results in skeletal defects that can be traced to two 
stages of chondrogenesis: Hoxd-11 acts at both the con- 
densation stage and during later chondroflenesis; Hoxd-13 
acts only at the later stage (Fig. 3).^*) 

Double knock-out of Haxa-11 and Hoxd-11 results in 
skeletal defects traceable to the condensation stage and 
illustrates functional cooperation between paralogous Hex 
genes.* 55 * There is also cooperation between non-paralo- 
gous Hox genes; Hoxd-11 and Hoxa-10 exhibit functional 
cooperation, as judged from the observation that double 
mutants have more extreme phenotypes that single mu- 
tants-&e> Differential expression of Hoxa-1 1 in Xenopus fore- 
and hindlimbs suggests that some gene expression patterns 
at the condensation stage pattern the proximal tarsal ele- 
ments in Xenopus in a way not mirrored In the upper limb.< S7 > 

Establishing condensation size 

Individual condensations have predictable sizes. The size oT 
a condensation and therefore, by Inference, the number of 
cells within it, affects whether skeletogenesis will be initi- 
ated. Reduce a condensation below a critical threshold and 
skeletogenesis may not begin. Increase the sue of a con- 
densat ion and an overly large skeletal element can form. 
This statement Is supported by studies on mutant embryos 
in which missing, small, or abnormally shaped skeletal ele- 
ments can be traced to deficiencies in the membranous 
skeletons Talpld 3 chick embryos and Brachypod (bp") 
Congenital Hydrocephalus (cfi), Short Ear, and Phocameikt 
(Pc) mice are well characterised mutations that act initially at 
the condensation stage but that act through different ge- 
netic pathways. TalpkP reflects overexpression of N-GAM; 
Brachypod is a frames hi ft mutation in Growth and Diffcrcn 
tiation factor 5 (GDF-5), while Short Ear is a mutation in 
BMP-5. The number of cells in a condensation is therefore a 
realistic reflection of the growth potential of individual skel- 
etal elements, as Gr(inebergft°> concluded 35 years ago. 

the initial action of mutations at the condensation stage 
underscores condensation as the first major stage of selec- 
tive gene activation in skeletogenesis, or Indeed In odonto- 
genesis, myogenesis, or ligamentogenesis. Genes specific 
to the differentiation pathway arc uprcgulated at condensa- 
tion; genes not specific to the pathway are not 



BMPs __ 

| Condensation size ts regulated through signallihg'plmways 
involving BMP-2 and BMP^4 (Fig. 3, Table 1)-^ Overexpres- 
sion of both of these growth factors in chick embryos is 
followed by dramatic increases in both size and shape of 
skeletal elements. Enhanced recruitment of mesenchymal 
precursors to cartilage condensations— and to perichondria, 



which contribute celis to anlage In vivo or to nodules in vitro " 
in the same way that condensations grow by accretion***) — 
are likely mechanisms of the BMP effect; BMP-2 is ex- 
pressed in mesenchyme surrounding condensations and so 
is critically located to modulate expansion of condensation 
stee-* 5 ^ Recruitment of cells to condensations by BMP is : : 
also consistent with the known action of BMP In inducing 
ectopic bone in adults: Implanting BMP outside the skeleton 
elicits a cascade of events— condensation, overt differenti- 
ation of cartilage, vascular invasion, and replacement of 
cartilage by bone-** 0 -* 1 ' Calcifying vascular cells obtained 
from aortic cell cultures also condense before forming nod- 
ules that mineralise.^ This observation reinforces the idea : 
that condensation is an essential initial step in ectopic min- \ 
eraiisation, as it is in normal arid ectopic skeletogenesis. ! 



Fibronevt i n 

Fibronactin is known to be critical for early embryogenesis. 
Homozygote mutant embryos lacking fibronectin implant 
and begin gastrulation but fail to form notochords or somites 
and have deformed hearts and circulation.^) 

An alternatively spliced exon (ilia), one of the functional 
portions of fibronectin involved in condensation, is down- 
reguiated immediately after the condensation phase during 
limb chondrogenesis.^ Exposing micromass cultures of 
limb mesenchyme to an antibody against the exon disrupts 
condensation and inhibits subsequent chondrogenesis- 
Similarly, injection of an antibody Into limb buds in ovo 
results in embryos with smaller limbs and fewer limb ele- 
ments. 

Surprising ly, levels of fibronectin and fibronectin mRIMA 
are higher in prechondrogenic condensations from chick leg 
buds than in wing bud condensations. Condensations that 
develop when mesenchyme from the two limb types is main- 
tained in vitro differ in morphology and in distribution of 
fibronectin. Wing condensations are broad and flat with 
mucn diffusely organised fibronectin; leg condensations are 
compact and spherical and connected by fibronectin-rich 
fibers. Wing bud condensations are more sensitive to 
TGF-p, which increases fibronectin levels and in turn in- 
creases condensation size. Treating cultured wing bud mes- 
enchyme with an antibody against the amino-terminal hep- 
arin-binding domain of fibronectin inhibits condensation 
formation. Similar treatment of leg bud mesenchyme has no 
effect on condensation development.^ Comparative anal- 
ysis of wing and leg bud conoeneations is therefore a prom- 
ising system in which to analyse the basis for differences 
between condensations and how condensation size is set. 

Extrinsic control 

As well as being set by such intrinsic mechanisms as re- 
cruitment of BMP-2 -positive cells to a condensation, the 
size of a condensation can also be set extrinsical ly. The 
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Figure 4* The lower jaw and middle ear 
skeletal elements of a wild-type mouse 
(left) are compared with those found in a 
mouse in which the gene Hoxa-2 was 
knocked-out oy RijH et aiv*> The conden- 
sations from which these elements form 
are shown in figure 1. Elements that are 
duplicated in the knock-out mouse are 
marked with an arrow. The * identifies an 
ectopic cartilage (gray), which only exists 
as a condensation in the wild-type (not 
shown). Meckel's cartilage (blue) is unaf- 
fected by the loss of The middle 
ear ossicles— tympanum (yellow), malleus 
(green), and incus (orange)— are all dupli- 
cated, as is the squamosal (pink). The stapes (black) is missing, while an ectopic cartilage 
duplicated incus. 




{gray, *) lies between the skull and the 



condensations for avian dorsal root ganglia (DRG) in brachial 
segments 14 and 15 are more than 80 $6 larger than the 
condensations for DRG in cervical segments 5 and 6. The 
increased cell number in brachial DRG ia not because more 
neural crest celts colonise brachial ganglia, that is, it is not 
intrinsic to the condensations. Rather, It reflects specific 
influences from the sclerotome mesoderm in the regions in 
which the DRG develop^ How such extrinsic Influences as 
mechanical and endocrine control, which are so important to 
subsequent skeletal development, influence the size of skel- 
etal condensations, is worthy of further study. 

Condensation size and initiation of differentiation 

;Reran"t studies affirm ^ ^AlrDPgrMl9® .9* iSJ^^oondensarj 
{tionjslgeffi 

in which Hoxah2 t Dtx-2, MRox~Otx, or the iretinoic acid 
receptor have been knocked-out display ectopic or appar- 
ently duplicated skeletal elements. Two examples will be 
used to Illustrate this approach. Both Involve targeted dele- 
tion of 

Gendron-Maguirc et al,* 68 * deleted exon 1 , the first 32 
base pairs of exon 2, the splice acceptor site, and all introns 
from Hoxa-2. Rijli et al.^J deleted exon 1, the first 72 base 
pairs of exon 2, and the translation initiation site. In both 
homozygous knock-outs, there was abnormal development 
of the malleus and incus of the middle ear and what ap- 
peared to be mirror-image duplications of the malleus and 
incus and of the tympanic bone of the skull. An ectopic 
squamosal bone also formed. Stapes and styiohyal carti- 
lages were missing in both sets of embryo but an ectopic 
cartilage formed (Fig. 4). 

In a thoughtful comparative analysis of the skeletal phe- 
notypes of such mice, Smith and Schneider^ detected a 



common underlying theme. An excess of mesenchymal ceils 
accumulates at sites that normally possess very small con- 
densations that do not differentiate. Because of the accu- 
mulation of additional mesenchyme at these sites, chondro- 
genesis is initiated, resulting in the formation of ectopic 
cartilages as shown in Figure 4. The site of this condensa- 
tion — between the murine alisphenoid and incus (ep [ptery- 
goid and quadrate in reptiles)— and Its differentiation in 
knock-out mice, allows a cartilage to form that beers a 
superficial resemblance to the reptilian paiatoquadrate. In- 
deed, ectopic "quadrate-like" and "pterygoquadrale-like" 
bones in Hoxa-2 knock-out mice were interpreted as atavis- 
tic reversals to a reptilian condition.^ Smith and Schnei- 
dec* 70 * however, dispute this, seeing no need to invoke ata- 
vistic interpretations when a more mechanistic explanation 
is sufficient— the differentiation of cartilage or bone tn cen- 
tres of condensation that are normally too small to initiate 
skeletogenesls. (See Newman and TomasekO*) and HaJK 21 * 
for discussions of physical/proximate and evolutionary/ge- 
netic mechanisms in skeletal evolution.) While "neomorphlc" 
in the sense that the cartilages do not normally form, the 
elements are not atavistic since the rudiment is normally 
present in all individuals, although small and unexpressed. 

Mtyakc ct al.w had previously emphasised the signifi- 
cance of the origin of these skeletal elements from neural 
crest cells from more than one region of the hindbraln, and 
argued that mesenchyme from both mandibular and hyofd 
arches contributes to the skeletal condensations of the au- 
ditory region. Smith and Schneider* 70 * also propose, how- 
ever, that disruption of normal neural crest cell migration is 
the most likely mechanism responsible for increased con- 
densation size. Their cautionary emphasis— that genes sup- 
ply products for drfferentiative and morphogenetic pathways 
rather than specifying phenotypes— is an important one. In 
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order to elucidate the effects on the development of con- 
densations of gene knock-out experiments, developmental 
series of embryos must be evaluated, since analysis of the 
phenotype at a single end point is insufficient to establish 
underlying mechanisms. 

From condensation to overt differentiation 

Progressing from condensation to overt differentiation of 
cells identifiable as chondro blasts (Fig. 3) or osteoblasts 
requires down-regulation of both N-CAM and the genes 
controlling proliferation and up-regulation of genes associ- 
ated with differentiation. Thus, progression to the differenti- 
ation phase is achieved through signals that stop conden- 
sation growth, and so favour differentiation indirectly (with 
syndecan binding to fibronectin down-regulating N-CAM), 
and through signals that initiate differentiation directly, 
through such pathways as BMP-2, BMP-4, BMP-5, and the 
activation of homeobox genes such as Msx-1 and Msx-2 
(Rg. 3, Table 1). A subsequent transition from proliferating 
chondrobiasts to chondrocytes and hypertrophic chondro- 
cytes is regulated via Indian hedgehog (Ihh), which induces 
PTH and PTH-related peptide receptor. PTHrP in turn acts 
via negative feedback to regulate ihh and so controls the 
size of developing growth plates.C"- 73 ) The discrete stages 
during skeletogenests are each controlled by specific cas- 
cades of factors. 

BMP-2 and BMP-5, known to be expressed in conden- 
sations in vivo, are expressed in the chondrogenic cells line 
C3H/10T 1/2 In vrrro.* 2 *"* Not all cell lines are similar, how- 
ever. Exposure lu BMP-2 allows AtdcS cells to progress to 
chondroblast differentiation, bypassing a condensation 
phase.* 74 ) 

BMP favours recruitment of cells into condensations, a 
recruitment that is antagonised by the secreted protein Nog- 
gin. BMP-Noggin feedback is, therefore, an important 
means of regulating condensation location, size, and dura- 
tion (Fig. 3, Table 1). Noggin has eJso been demonstrated in 
condensations and immature chondrobiasts in both the limb 
and the mammalian skull and, in parallel fashion, to Interact 
antagonistically with BMPs during limb development t 75 - 7 ^ 
Condensations can form in the absence of Noggin, but they 
rapidly become hyperplastic- Subsequently, although carti- 
lage maturation is normal, joints between adjacent skeletal 
elements fail to form. 

BMPs do not induce fibronectin and act primarily after 
condensation initiation. In contrast, TGF-p regulates fi- 
bronectin and both TGF-p and fibronectin are involved in 
condensation initiation P 7 - 7 ® 

Tenascin and its cell surface receptor syndecan play 
important roles in epithelial- mesenchymal Interactions lead- 
ing to condensation. Tenascin is up- regulated during this 
phase and also plays a role in the transition from conden- 
sation to overt differentiation. Binding of syndecan to fi- 



bronectin blocks N-CAM in the late condensation stage (Fig. 
3). Consequently, further condensation growth is blocked 
and differentiation is facilitated.^ N-CAM, which plays an 
important role in mediating cell-to-cell adhesion regulating 
condensation formation (N-CAM contains type- 1 collagen 
and heparin sulfate proteoglycan binding domains), is ex- 
pressed in periostea in association with osteogenesis but is 
down-regulated when periosteal cells switch to chondro- 
genesis, as occurs when secondary cartilage differentiates 
in membrane bone periostea.* 79 ^ Curiously, healthy, fertile 
mice are born after knocking -out the N-CAM gene.$ 1 > Given 
all that we know about N-CAM's role in condensation for- 
mation and the need to block N-CAM to halt condensation 
growth, other factors must normally act with N-CAM, as 
noted earlier. 

The transcriptional activator cbfa-1 (core-binding fac- 
tor-1, also known as osteoblast specific exacting ele- 
ments [0sf2B, a protein that binds to the osteocalcin pro- 
moter,, is expressed in prechondrogenic and preosteogenic 
condensations but then strictly in the osteogenic cell lin- 
eage, being downregulated in chondrogenic lineages.^* 83 ) 
The central function of cbfa-1 in osteoblast differentiation 
was confirmed by the demonstration that osteogenic genes 
are expressed in non-osteogenic cells in which cbfa-1 has 
been expressed. Regulated by BMP-7 and vitamin D 3 cbfe~1 
is a strong candidate for a switching gene that directs cells 
into the osteogenic pathway. Cbfa-1 is inhibited by Hoxa-2 
expression. In Hoxa-2- embryos, Cbfa-1 is expressed in the 
second arch. Thus Hoxa-2 normally inhibits osteogenesis by 
down-regulating cbfa-1. t 4 ®) The key rale of Cpfa- 1 Is shown 
by the fact that targeted disruption of cbfa-1 in mice com- 
pletely blocks bone formation.***) Thus, a variety of path- 
ways are used as cells make the transition from condensa- 
tion to overt differentiation. 

Conclusions 

Development of the skeleton is a stepwise set of processed, 
each step depending on the step before, but each involving 
different cellular processes (migration, adhesion, prolifera- 
tion, growth) and each is subject to different genetic control. 
Condensation is the aggregation of cells that facilitates se- 
lective regulation of genes specific for either chondro- or 
osteogenesis. Condensations must attain a critical size and 
celts must interact within a condensation for the condensa- 
tion phase to cease and differentiation to be initiated; it really 
is "all for one and one for all." 

Condensation is itself a multistep process, involving ini- 
tiation, establishment of boundary conditions, cell adhesion, 
proliferation, growth, end cessation of growth. The major 
genes in each phase are now known (Rg. 3, Table 1). Mu- 
tations affecting each phase are also known. The availability 
of natural mutations along with gene knock-out experiments 
provide powerful tools with which to analyse this pivotal 
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stage in skeletogenesis. Challenges for the future are to fully 
understand the cascades of genes regulating each phase of 
condensation formation, to identify functional redundancy 
between genes acting at different phases, to understand 
how condensation ceases and the differentiation phase be- 
gins, and to place ourselves in a position to manipulate each 
phase in order to correct skeletal defects that have their 
origin at the condensation stage. 
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